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FOREWORD 


There  has  been  a  revival  in  nuclear  physics  studies  using  low/medium  energy  heavy  ion 
beams.  This  interest  has  come  about  with  the  possibility  of  carrying  out  measurements 
involving  channels  with  low  probabilities.  With  the  advent  of  new  techniques  in  ion  beam 
production  and  particle/photon  detection  it  is  now  possible  to  carry  out  exclusive  mea¬ 
surements  of  rare/exotic  nuclear  processes  with  relative  ease  though  they  were  earlier  con¬ 
sidered  to  be  rare  and  difficult  to  study.  Such  studies  demand  sophisticated  instrumen¬ 
tation  and  devices  which  need  continuous  upgradation  and  more  importantly  new  design 
concepts.  Therefore,  it  is  important  to  periodically  review  the  current  trends  and  future 
directions  in  this  field.  With  this  objective,  an  International  Workshop  on  Rare  Nuclear 
Processes  in  Low  Energy  Heavy  Ion  Physics  (IWRNP-98)  was  held  at  Nuclear  Science 
Centre  (NSC)*,  New  Delhi,  India  from  November  16-20,  1998. 

At  IWRNP-98,  there  were  about  one  hundred  participants  from  India  and  abroad  who 
presented  the  results  of  their  latest  research  work  in  the  frontier  areas  of  nuclear  physics. 
This  workshop  provided  an  opportunity  to  the  participants  to  exchange  ideas  related  to  the 
present  achievements  and  future  plans  spanning  experimental  facilities,  experimental  plans 
and  theoretical  approaches. 

In  his  welcome  address,  Prof.  G  K  Mehta,  Director,  NSC  made  introductory  remarks 
about  the  accelerator  and  the  associated  experimental  facilities  including  the  accelerator 
upgradation  programme  of  the  Centre.  Prof.  V  S  Ramamurthy  of  the  Department  of  Sci¬ 
ence  and  Technology,  New  Delhi  inaugurated  the  Workshop  and  Dr.  S  S  Kapoor  of  Bhabha 
Atomic  Research  Centre,  Mumbai  delivered  the  keynote  address  on  “Emerging  Frontiers 
in  Heavy  Ion  Nuclear  Physics”  thereby  setting  the  tone  of  the  Workshop.  The  programme 
consisted  of  23  invited  talks  and  several  contributed  papers  in  the  form  of  short  talks  and 
posters.  Dr.  S  Kailas  and  Prof.  S  C  Pancholi  summarised  the  talks  and  discussions. 

This  proceedings  consists  of  invited  talks  and  refereed  contributed  papers.  We  thank 
all  the  experts  who  agreed  to  be  referees  in  spite  of  their  tight  schedule  and  also  did  a 
wonderful  job  of  evaluation  in  a  short  time. 

We  are  grateful  to  Prof.  G  K  Mehta  for  his  guidance,  encouragement  and  continuous 
support  in  organising  this  International  Workshop.  We  thank  the  distinguished  members  of 
the  International  Advisory  Committee  for  their  valuable  suggestions  and  recommendations 
which  helped  immensely  in  the  finalisation  of  the  programme.  Apart  from  the  University 
Grants  Commission  (through  Nuclear  Science  Centre),  the  financial  support  for  organising 
the  Workshop  was  provided  by  the  Department  of  Science  and  Technology  (Govt,  of  In¬ 
dia,  New  Delhi),  Board  of  Research  in  Nuclear  Sciences  (Dept,  of  Atomic  Energy,  Govt, 
of  India,  Mumbai),  Council  of  Scientific  and  Industrial  Research  (New  Delhi)  and  Indian 
National  Science  Academy  (New  Delhi).  The  talks  were  held  at  the  auditorium  of  Interna¬ 
tional  Centre  for  Genetic  Engineering  and  Biotechnology  (ICGEB). 

Keen  interest  of  Prof.  H  R  Krishnamurthy,  Prof.  Rohini  M  Godbole  and  Dr.  S  Kailas  in 
our  efforts  to  have  the  proceedings  of  the  Workshop  published  in  Pramana  in  the  form  of  a 
special  issue  is  very  much  appreciated.  The  editorial  office  of  Pramana  rendered  immense 
help  in  organising  electronic  mail  transmission/acceptance  of  the  manuscripts  and  proofs, 
etc. 

Dr.  P  B  Tripathi  needs  special  mention  for  his  help  in  getting  necessary  approvals  and 
completion  of  visa  formalities  for  foreign  participants.  In  addition  to  the  local  organising 
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committee  members,  help  received  from  N  J  Jose,  Ms  Neelaveni,  Maurya,  Prakash  and 
Rajpal  Sharma  (all  from  NSC)  is  acknowledged. 


P  Sugathan 
N  Madhavan 
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{Guest  Editors ) 


*  About  NSC:  (http://www.nsc.ernet.in) 

Nuclear  Science  Centre,  an  Inter-University  research  centre  of  University  Grants  Commis¬ 
sion  (UGC),  provides  front-ranking  experimental  facilities  for  University  users  to  carry 
out  accelerator  based  research.  The  centre  is  equipped  with  a  15  MV  Tandem  accelerator 
and  experimental  facilities  such  as  Recoil  Mass  Spectrometer  and  Gamma  and  Charged 
Particle  Detector  Arrays  for  nuclear  physics  studies.  A  low  energy  RIB  facility  has  been 
made  operational  recently.  There  is  an  ongoing  process  to  augument  the  energy  and  beam 
intensity  by  building  a  Superconducting  LINAC  and  a  high  current  injector  using  ECR 
source.  Among  future  experimental  facilities,  a  Hybrid  Recoil  Mass  Spectrometer  and  a 
Large  Gamma  Detector  Array  are  planned. 
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Nuclear  structure  studies  on  halo  nuclei  by  direct  reactions 
with  radioactive  beams 

PETER  EGELHOF 

Gesellschaft  fur  Schwerionenforschung  (GSI),  D-64291  Darmstadt,  Germany 

Abstract.  The  investigation  of  direct  reactions  with  exotic  beams  in  inverse  kinematics  gives  access 
to  a  wide  field  of  nuclear  structure  studies  in  the  region  far  off  stability.  The  basic  concept  and  the 
methods  involved  are  briefly  discussed.  The  present  contribution  will  focus  on  the  investigation 
of  light  neutron-rich  halo  nuclei.  Such  nuclei  reveal  a  new  type  of  nuclear  structure,  namely  an 
extended  neutron  distribution  surrounding  a  nuclear  core.  An  overview  on  this  phenomenon,  and  on 
the  various  methods  which  gave  first  evidence  and  qualitative  confirmation  of  our  present  picture  of 
halo  nuclei,  is  given. 

To  obtain  more  quantitative  information  on  the  radial  shape  of  halo  nuclei,  elastic  proton  scattering 
on  neutron-rich  light  nuclei  at  intermediate  energies  was  recently  investigated  for  the  first  time.  This 
method  is  demonstrated  to  be  an  effective  means  for  studying  the  nuclear  matter  distributions  of 

such  nuclei.  The  results  on  the  nuclear  matter  radii  of  He  and  He,  the  deduced  nuclear  matter 
density  distributions,  and  the  significance  of  the  data  on  the  halo  structure  is  discussed.  The  present 

data  allow  also  a  sensitive  test  of  theoretical  model  calculations  on  the  structure  of  neutron-rich 
helium  isotopes.  A  few  examples  are  presented. 

The  investigation  of  few-nucleon  transfer  reactions  in  inverse  kinematics  may  provide  new  and 
complementary  information  on  nuclear  structure,  as  well  as  astrophysical  questions.  The  physics 
motivation  and  the  experimental  concept  for  such  experiments,  to  be  performed  due  to  momentum 
matching  reasons  at  low  incident  energies  around  5-20  MeV/u  at  the  new  generation  low  energy 
radioactive  beam  facilities  SPIRAL,  PIAFE,  etc.,  is  briefly  discussed. 

Keywords.  Halo  nuclei;  direct  reactions  with  radioactive  beams;  nuclear  matter  radii. 

PACS  Nos  21.10.Gv;  25.40.Cm;  25.60.-t;  25.60.Dz;  25.60.Gc;  27.20.+n 

1.  Introduction 

One  of  the  most  powerful  classical  methods  for  obtaining  spectroscopic  information  on  the 
structure  of  nuclei  is  the  investigation  of  light-ion  induced  direct  reactions,  i.e.  elastic  or 
inelastic  scattering,  or  one-  and  few-nucleon  transfer  reactions.  A  lot  of  what  we  know 
about  the  structure  of  stable  nuclei  was  obtained  from  such  investigations.  Of  course, 
before  the  availability  of  radioactive  ion  beams,  this  method  was  limited  to  stable  or  very 
long-lived  nuclei  for  which  targets  could  be  prepared.  The  use  of  good-quality  secondary 
exotic  beams  now  enables  to  study  such  reactions  on  exotic  nuclei  using  the  method  of 
inverse  kinematics,  which  is  sketched  in  figure  1  for  the  example  of  a  (d,p)  reaction. 

In  principle,  a  large  variety  of  light-ion  induced  reactions  with  various  physics  motiva¬ 
tions  may  be  investigated.  One-  and  few-nucleon  transfer  reactions,  such  as  (d,p),  (p,  d ), 
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Figure  1.  The  method  of  inverse  kinematics  is  sketched  for  the  example  of  a  ( d,p)~ 
reaction  on  the  nucleus  AX. 


Figure  2.  Schematic  view  of  the  accelerator  facilities  at  GSI,  Darmstadt.  Heavy-ion 
beams  of  all  ion  species  up  to  238U  from  the  linear  accelerator  UNILAC  (.E<20  MeV/u) 
are  post- accelerated  by  the  heavy-ion  synchrotron  SIS  ( E<2  GeV/u),  and  may  be  in¬ 
jected  into  the  fragment  separator  FRS  and  (or)  into  the  experimental  storage  ring  ESR. 


(d,  t),  (d,  3He),  (3He,  a),  etc.,  allow  to  populate  single-particle  (hole)  states  or  two- 
particle  (two-hole)  states,  whereas  inelastic  (p,p;),  (a,  a'),  etc.  scattering  leads  to  the 
population  of  collective  states,  and  (p,p),  (a,  a),  etc.  elastic  scattering  allows  to  deduce 
information  on  the  nuclear  matter  distribution  of  nuclei.  Of  particular  physics  interest  are, 
for  example,  the  nuclear  shell  model  in  the  region  far  off  stability,  the  two-body  residual  in¬ 
teraction  in  nuclei,  as  well  as  astrophysical  questions,  transition  densities  and  deformation 
parameters,  the  radial  shape  of  nuclei,  etc. 

The  new  heavy-ion  accelerator  facilities  at  GSI  Darmstadt  (see  figure  2),  which  came 
into  operation  in  1990,  opened  new  opportunities  for  a  variety  of  nuclear  physics  studies. 
With  respect  to  exotic  nuclei  the  combination  of  the  heavy-ion  synchrotron  SIS,  the  frag¬ 
ment  separator  FRS  and,  for  selected  cases,  the  experimental  storage  ring  ESR  provides 
good-quality  beams  of  relatively  short-lived  nuclei,  extending  to  isotopes  far  off  stability, 
in  the  energy  range  from  the  Coulomb  barrier  up  to  intermediate  energies  around  1  GeV/u. 
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The  present  contribution  will  focus  on  nuclear  structure  studies  on  light  neutron-rich 
halo  nuclei.  Such  nuclei,  located  near  or  at  the  neutron  drip  line,  in  particular  6He,  8 He, 
11  Li,  14Be,  etc.,  have  attracted  much  attention  in  the  recent  years  since  there  is  clear  ex¬ 
perimental  evidence  that  these  nuclei  reveal  a  qualitatively  new  type  of  nuclear  structure, 
namely  an  extended  neutron  distribution  surrounding  a  nuclear  core. 

A  brief  overview  on  this  phenomenon  and  on  some  of  the  experimental  methods  which 
gave  first  evidence,  and  which  were  used  for  further  experimental  access  to  the  halo  struc¬ 
ture  of  nuclei,  is  given  in  the  following  section.  The  third  section  is  dedicated'  to  the 
investigation  of  nuclear  matter  distributions  of  halo  nuclei  by  intermediate-energy  elastic 
proton  scattering,  a  method  which  was  applied  on  exotic  nuclei  for  the  first  time  in  recent 
experiments  at  GSI.  Finally,  the  investigation  of  few-nucleon  transfer  reactions  in  inverse 
kinematics  is  discussed  which  may  in  future  provide  complementary  information  on  the 
structure  of  halo  nuclei. 


2.  Halo  nuclei  -  A  new  phenomenon  of  the  structure  of  nuclei 

The  discovery  and  the  interpretation  of  the  phenomenon  of  halo  nuclei  was  initiated  in  the 
mid-eighties  by  the  pioneering  work  of  Tanihata  and  coworkers  [1-3].  In  these  experiments 
the  total  interaction  cross  section  07  was  determined  for  the  interaction  of  light  neutron- 
rich  isotopes  with  various  targets.  07  was  deduced  from  the  change  of  intensity  of  a  beam 
of  exotic  nuclei  before  and  after  hitting  a  target.  From  the  measured  interaction  cross 
sections  the  nuclear  matter  radii  Ri( proj.)  of  the  projectile  nuclei  may  be  estimated  by 
simple  geometrical  considerations  using  the  relation 

<7/  =  7r[f?/(proj.)  +  i?/(  tar.)]2,  (1) 

Ri( tar.)  being  the  matter  radius  of  the  target  nucleus  (it  should  be  noted  that  for  a  quan¬ 
titative  determination  of  the  matter  radii  a  more  sophisticated  analysis  taking  into  account 
the  reaction  dynamics  was  used). 

The  surprisingly  steep  rise  of  07  for  11  Li  in  the  chain  of  the  Li-isotopes,  and  less  pro¬ 
nounced,  for  6  He  and  8  He  for  the  He-isotopes,  was  therefore  interpreted  as  due  to  a  pro¬ 
nounced  increase  of  the  nuclear  matter  radius.  In  figure  3  a  compilation  of  such  data  [3] 
measured  for  a  larger  number  of  neutron-rich  isotopes  is  displayed.  In  almost  all  of  the 
isotope  chains  we  observe  for  the  most  neutron-rich  nuclei  a  deviation  from  the  A (1//3)  -law 
(see  dotted  line  in  figure  3),  which  is  well  established  for  stable  and  less  exotic  nuclei. 
These  findings  were  at  that  time  interpreted  in  terms  of  the  following  picture  (see  also 
figure  4):  For  the  case  of  ‘normal’  nuclei,  which  are  stable  or  are  situated  close  to  the  val¬ 
ley  of  stability,  and  which  therefore  possess  only  a  small  excess  of  neutrons,  the  neutrons 
and  protons  are  equally  distributed  (left  part  of  figure  4),  and  the  addition  of  one  neutron 
will  not  drastically  change  the  spatial  extension  of  the  nucleus.  In  contrast,  a  new  phe¬ 
nomenon  of  nuclear  structure  appears  for  some  nuclei  which  are  close  to  the  drip  line,  and 
for  which  the  binding  energy  of  additional  valence  nuclei  is  consequently  very  low,  usually 
of  the  order  of  a  few  hundred  keV  only.  Adding  one  or  more  neutrons  to  such  an  already 
very  neutron-rich  nucleus  will  produce  in  certain  cases  a  so-called  ‘halo’  around  a  nuclear 
core,  consisting  of  an  extremely  spatially  extended,  low-density  aureole  in  which  the  ad¬ 
ditional  neutrons  are  located  (right  part  of  figure  4).  Thus,  in  special  cases,  a  significant 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


5 


Peter  Egelhof 


Figure  3.  Nuclear  matter  radii  Ri  deduced  from  measured  total  interaction  cross  sec¬ 
tions  for  several  isotope  chains  of  light  neutron-rich  nuclei  (from  ref.  [3]. 


stable  nuclei: 


extremely  neutron  rich  nuclei: 


neutrons  and  protons 
equally  distributed 


neutron  halo 


Figure  4.  Density  distributions  of  nuclear  matter  for  stable  nuclei  and  extremely 
neutron-rich  nuclei. 


fraction  of  more  than  90%  of  the  valence  neutron  wave  function  can  be  outside  the  central 
part  of  the  nucleus,  leading  to  an  extended  radius  of  the  nuclear  matter  distribution.  So, 
for  example,  the  nuclear  radius  determined  for  11  Li  is  similar  to  that  of  the  stable  32 S, 
which  consists  of  approximately  three  times  the  number  of  nucleons.  It  turns  out  that  the 
phenomenon  of  halo  nuclei  is  always  closely  connected  to  a  very  low  binding  energy  of 
the  valence  nucleons. 

In  order  to  confirm  the  present  picture  of  halo  nuclei,  and  to  get  a  deeper  insight  into 
the  structure  of  such  nuclei,  halo  nuclei  were  subjected  to  numerous  studies  during  the 
last  decade,  using  various  methods.  For  a  detailed  overview  over  this  field  the  reader  may 
be  referred  to  recent  review  articles  [4-7].  Experiments  performed  at  the  on-line  mass 
separator  ISOLDE  at  CERN  focused  on  the  electric  and  magnetic  moments  of  halo  nuclei 
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[8,9].  Beta-decay  measurements  following  in-beam  polarization  by  optical  pumping  on  9Li 
and  11  Li  showed  that  the  electric  and  magnetic  properties  of  both  nuclei  are  very  similar. 
This  finding  is  a  clear  confirmation  that  the  large  interaction  cross  section  obtained  for 
11  Li  is  only  due  to  the  spatial  distribution  of  the  valence  neutrons,  and  not  created  by  core 
deformation  or  core  polarization  effects. 

Another  frequently  used  method  is  the  investigation  of  momentum  distributions  of 
the  reaction  products  after  fragmentation  of  the  halo  nucleus  following  the  interaction 
with  a  target.  Experiments  were  performed  using  beams  produced  by  heavy  ion  projec¬ 
tile  fragmentation  and  in-flight  separation  at  GANIL,  MSU,  RIKEN  in  the  energy  range 
20-80  MeV/u,  and  at  BEVALAC  and  GSI  for  higher  incident  energies  of  about 
200-1000  MeV/u.  Thus,  a  large  variety  of  data  on  longitudinal  and  transverse  momen¬ 
tum  distributions  of  the  heavy  ‘core’ -fragment,  and  of  the  valence  neutrons,  and,  in  kine¬ 
matically  complete  experiments,  of  both  have  been  taken  for  various  exotic  nuclei,  and  for 
various  targets  and  incident  energies  (for  an  overview  see  [4-7,10],  and  references  therein). 

It  follows  from  relatively  simple  considerations  that  the  momentum  distributions  of  the 
fragments  reflect  the  intrinsic  distribution  of  the  constituents,  and  thus  the  spatial  structure 
of  the  fragmenting  nucleus.  The  momentum  distribution  of  the  valence  neutrons  of  the 
nucleus  being  the  Fourier  transform  of  its  wave  function,  the  size  of  the  spatial  distribution 
of  the  nucleus  is  -  due  to  the  uncertainty  principle  -  expected  to  be  inversely  proportional 
to  the  width  T  of  the  momentum  distribution.  Hence  we  obtain  for  the  root  mean  square 
matter  radius: 

{R2m)in  ~  i/r.  (2) 

Indeed,  narrow  momentum  distributions  were  obtained  for  practically  all  candidates  for 
halo  nuclei,  as  established  from  the  data  on  the  total  interaction  cross  section.  As  an  ex¬ 
ample,  recent  data  [11]  on  longitudinal  momentum  distributions  of  18  C  (16C)-fragments 
after  one-neutron  removal  from  19 C  (17C)-projectiles  are  displayed  in  figure  5.  Both  pro¬ 
jectile  nuclei  are  assumed  to  have  an  extended  neutron  distribution  due  to  the  small  bind¬ 
ing  energy  of  the  valence  neutron.  Consequently  both  momentum  distributions  are  found 
to  be  narrower  by  factors  of  about  2  and  3  compared  to  the  corresponding  momentum 


-200  -100  0  100  200 
PkmgMudbMl  (**®V/c) 

Figure  5.  Longitudinal  momentum  distributions  of  18C,  and  16C  after  one-neutron 
removal  from  19C,  and  17C,  respectively  (from  ref.  [11]. 
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one-neutron  halo 


Figure  6.  Chart  of  isotopes  up  to  element  Z  =  8.  Nuclei  for  which  a  halo  structure  was 
confirmed  experimentally  are  indicated. 

distributions  of  tightly  bound  nuclei,  thus  confirming  an  extended  neutron  distribution  in 
both  nuclei.  The  significant  difference  in  the  width  of  the  distributions  is  attributed  to 
the  difference  in  the  separation  energies  of  the  valence  neutron,  and  thus  a  pronounced 
halo  structure  is  established  for  the  19 C  nucleus.  Figure  6  displays  the  latest  compilation 
of  nuclei  for  which  the  halo  structure  has  been  confirmed  by  the  various  experimental 
information.  Besides  one-,  two-,  and  four-neutron  halos  on  the  neutron-rich  side,  there  is 
meanwhile  also  evidence  for  proton  halos. 

In  summary  we  conclude  that  the  assumed  picture  on  the  structure  of  halo  nuclei,  es¬ 
tablished  after  the  finding  of  the  large  interaction  radii  (see  above),  was  qualitatively  con¬ 
firmed  by  various  experiments.  Halo  nuclei  are  thus  characterized  by  large  interaction  cross 
sections,  weak  binding  of  the  valence  nucleon(s),  and  narrow  momentum  distributions  of 
the  reaction  products  after  fragmentation.  On  the  other  hand  it  should  be  pointed  out,  that  a 
more  quantitative  information  on  the  radial  structure  and  the  size  of  halo  nuclei  from  such 
experiments  is  to  a  considerable  extent  limited  by  the  limited  knowledge  of  the  underlying 
reaction  mechanism  and  dynamics  of  the  reactions  used.  Hence,  systematic  uncertainties 
in  the  determination  of  the  matter  radii  appear  due  to  uncertainties  created  by  effects  like 
the  interaction  of  the  target  with  the  nuclear  constituents,  by  the  final  state  interaction  of 
the  knocked-out  fragments  with  the  remaining  system,  etc..  Thus,  in  order  to  obtain  more 
quantitative  information  on  the  radial  shape  of  halo  nuclei  and  the  nuclear  matter  radii,  the 
method  of  elastic  proton  scattering  at  intermediate  energy  was  recently  applied,  as  will  be 
discussed  in  the  following  section. 


3.  Nuclear  matter  distributions  of  halo  nuclei  from  elastic  proton  scattering  at  inter¬ 
mediate  energy 

Proton  nucleus  elastic  scattering  at  intermediate  energies  was  proved  (for  the  case  of  sta¬ 
ble  nuclei)  to  be  a  well  suited  method  for  obtaining  accurate  and  detailed  information 
on  nuclear  matter  distributions  of  nuclei  [12].  This  method  was  recently  applied  at  GSI 
Darmstadt  for  the  first  time  for  the  investigation  of  exotic  nuclei.  The  advantage  of  such 
experiments  as  compared  to  investigations  at  considerably  lower  incident  energies  (see 
for  example  [13,14])  is,  that  for  intermediate  energies,  available  for  exotic  beams  at  GSI, 
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proton-nucleus  elastic  scattering  can  be  described  accurately  by  the  diffractive  multiple 
scattering  theory  which  relates  the  measured  cross  section  to  the  nuclear  matter  distribu¬ 
tion  in  a  rather  unambiguous  way  [12].  Furthermore,  as  theoretical  considerations  have 
shown  [15,16],  proton  scattering  in  the  region  of  small  momentum  transfer  is  sensitive  to 
the  halo  structure  of  nuclei.  Thus,  besides  the  precise  determination  of  the  nuclear  matter 
radius,  information  on  the  shape  of  the  radial  distribution  of  nuclear  matter  of  halo  nuclei 
can  be  obtained.  Both  quantities  are  fundamental  quantities  of  nuclei,  and  therefore  of 
large  interest  for  our  understanding  of  the  structure  of  halo  nuclei,  and  for  an  effective  test 
of  respective  theoretical  model  calculations. 

Differential  cross  sections  for  elastic  proton  scattering  at  small  scattering  angles  were 
measured  at  GSI  Darmstadt  at  energies  around  700  MeV/u  in  inverse  kinematics  for  the 
neutron-rich  helium  isotopes  6 He,  8  He  [17,18],  and  recently  also  for  the  neutron-rich 
lithium  isotopes  8Li,  9Li,  and  11  Li.  The  present  contribution  will  mainly  concentrate  on 
data  on  the  helium  isotopes  for  which  the  data  analysis  was  completed  recently  [16].  Sec¬ 
ondary  4,6,8He  beams  (the  p  4 He  cross  section  was  measured  for  a  consistency  check  of 
the  method)  were  produced  with  incident  energies  of  699  MeV/u,  717  MeV/u,  and  674 
MeV/u,  respectively,  by  fragmentation  of  18  O  ions  from  the  heavy-ion  synchrotron  SIS 
(see  figure  2),  impinging  on  a  beryllium  target,  and  were  isotopically  separated  by  the 
fragment  separator  FRS  [19].  The  separation  method  is  displayed  schematically  in  figure  7 
for  the  production  of  a  6 He  beam  as  an  example.  In  the  first  section  of  the  FRS  the  pro¬ 
duced  isotopes  are  separated  according  to  their  magnetic  rigidity,  resulting  in  a  selection 


Figure  7.  The  operation  principle  of  the  fragment  separator  FRS  is  displayed  for  the 
example  of  the  separation  of  a  6 He  beam  after  bombardment  of  a  Be  production  target 
with  a  lsO  beam  (upper  part).  The  resulting  isotope  distributions  after  the  first  and  the 
second  Bp  selection  are  shown  in  the  lower  part  of  the  figure. 
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of  all  isotopes  with  A/Z  ra  3.0  (see  lower  part  of  figure  7).  The  separation  power  was 
considerably  enhanced  by  inserting  an  achromatic  energy  degrader  at  the  dispersive  focal 
plane.  The  thickness  of  the  degrader  in  terms  of  the  range  of  the  beam  particles  was  about 
0.05,  resulting  in  a  rather  clean  6He  beam  after  the  second  separator  stage.  The  intensity 
of  the  secondary  beams  was  about  103  sec-1  in  all  cases. 

The  experimental  setup  is  displayed  in  figure  8  (for  more  details  on  the  technical  design 
and  experimental  procedure  see  also  refs  [18,20]).  The  relatively  low  secondary  beam  in¬ 
tensities  for  isotopes  close  to  the  drip  line  demand  for  a  thick  effective  hydrogen  target, 
and  for  a  large  solid  angle  detector  for  the  recoil  protons.  In  order  to  meet  these  experi¬ 
mental  conditions  the  hydrogen  filled  time-projection  ionization  chamber  IKAR  was  used, 
which  serves  simultaneously  as  a  gas  target  and  a  detector.  It  was  developed  at  the  St. 
Petersburg  Nuclear  Physics  Institute  (PNPI),  Gatchina,  and  was  originally  used  for  study¬ 
ing  small  angle  hadron  elastic  scattering  [21].  IKAR  ensures  a  high  ED  target  thickness 
(about  3  x  1022  protons/cm2),  and  has  a  2i r  acceptance  in  azimuthal  angle  for  recoil  proton 
registration.  It  operates  at  10  bar  pressure  of  hydrogen  and  consists  of  6  identical  modules. 
One  of  these  modules  is  shown  schematically  in  figure  9,  together  with  an  illustration  of  a 
typical  scattering  event  between  a  projectile  nucleus  and  a  proton  from  the  chamber  gas. 
Each  module  contains  an  anode  plate,  divided  into  two  rings  (A  and  B),  a  cathode  plate 
and  a  grid,  the  whole  setup  being  rotationally  symmetric  with  respect  to  the  beam  axis. 
The  amplitude  and  the  drift  time  analysis  of  the  signals  from  the  electrodes,  registered  by 
flash  ADCs,  provide  the  energy  Tr  of  the  recoil  proton,  or  its  energy  loss  A Tr  in  case  it 
leaves  the  active  volume,  the  scattering  angle  0#  of  the  recoil  proton,  and  the  coordinate  z 
of  the  interaction  point  in  the  grid-cathode  space.  The  obtained  energy  and  angular  resolu¬ 
tions  are  Ai?<90  keV,  and  A0^  <  0.6°,  respectively,  and  the  coordinate  z  is  determined 
with  an  accuracy  of  Az<100  /im.  The  detector  is  able  to  operate  at  secondary  beam  in¬ 
tensities  up  to  about  104  sec-1.  The  scattering  angle  0S  for  the  helium  projectiles  was 
determined  by  a  tracking  detector  consisting  of  4  two-dimensional  multiwire-proportional 
chambers  (see  figure  8).  In  addition,  the  scintillation  counters  SI,  S2,  S3,  and  VETO  were 


Figure  8.  Schematic  view  of  the  experimental  setup.  The  central  part  shows  the  hydro¬ 
gen  filled  ionization  chamber  IKAR  which  serves  simultaneously  as  a  gas  target  and  a 
detector  system  for  recoil  protons.  Four  multiwire  proportional  chambers  (PMWC  1-4) 
determine  the  scattering  angle  of  the  projectile.  Scintillation  counters  (S1-S3,  VETO) 
were  used  for  trigger  and  for  particle  identification. 
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Figure  9.  Schematic  view  of  one  of  the  six  ionization  chamber  modules  of  IKAR. 


Figure  10.  Absolute  differential  cross  sections  da/dt  versus  the  four  momentum  trans¬ 
fer  squared  —t  for  p4 He,  p6He  and  p8He  elastic  scattering  at  incident  energies  of  699 
MeV/u,  717  MeV/u,  and  674  MeV/u,  respectively,  obtained  from  the  present  experi¬ 
ment  (full  dots).  Open  dots  show  the  data  of  ref.  [22].  Full  lines  are  the  result  of  fits 
using  the  GH  parametrization  for  the  nuclear  density  distributions. 

used  for  triggering,  and  for  the  identification  of  the  incident  and  scattered  beam  particles 
via  time-of-flight  and  dE/dx  measurements. 

The  resulting  cross  sections  are  displayed  in  figure  10.  Plotted  error  bars  denote  statis¬ 
tical  errors  only.  The  absolute  normalization  obtained  is  estimated  to  be  accurate  within 
±  3%.  The  measured  pA He  cross  section  is  in  excellent  agreement  with  previous  data  [22], 
which  were  obtained  in  direct  kinematics. 
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To  derive  information  on  the  nuclear  density  distributions  of  6 He  and  8 He  from  the  mea¬ 
sured  cross  sections  the  Glauber  multiple  scattering  theory  was  applied.  Calculations  were 
performed  using  the  basic  Glauber  formula  [12]  for  proton-nucleus  elastic  scattering,  and 
taking  experimental  data  on  proton-proton  and  proton-neutron  scattering  as  an  input.  For 
the  analysis  of  the  present  experiment  [16,17]  various  parametrizations  of  the  nuclear  den¬ 
sity  distributions  of  4  He,  6  He  and  8 He  were  used  as  an  input  for  the  Glauber  calculations, 
and  the  parameters  were  varied  in  order  to  obtain  a  best  fit  to  the  experimental  cross  sec¬ 
tions.  All  nucleon  distributions  deduced,  as  well  as  the  resulting  root  mean  square  radii 
Rm,  refer  to  point  nucleon  distributions.  Two  parametrizations  of  the  total  matter  distribu¬ 
tion  pm(r)  were  used  which  do  not  make  a  difference  between  core  and  valence  nucleons, 
namely  a  symmetrized  Fermi  (SF)  distribution,  and  a  Gaussian  with  a  ‘halo’  (GH)  (for 
details  see  ref.  [16]).  Furthermore  two  parametrizations  were  applied  which  assume  that 
the  6,8He  nuclei  consist  of  an  a  core  and  of  2(4)  valence  neutrons  for  6He  (8He).  Here, 
a  Gaussian  distribution  for  the  core,  and  either  a  Gaussian  (GG)  or  a  lp-shell  harmonic 
oscillator-type  density  (GO)  for  the  valence  neutrons  were  used. 

The  experimental  data  are  equally  well  described  independent  of  the  density 
parametrization  used,  with  a  reduced  x2  around  unity.  Solid  lines  in  figure  10  show  the 
GH  case  as  an  example.  The  deduced  nuclear  matter  density  distributions  pm{r)  for  6 He 
and  8 He  are  displayed  in  figure  1 1  in  comparison  with  the  one  for  4 He.  The  results  for  all 
four  parametrizations  used  agree  reasonably  well  within  small  errors  (for  a  detailed  dis¬ 
cussion  see  ref.  [16])  over  a  wide  range  of  the  radius  parameter  r.  For  both  neutron-rich 
He  isotopes,  6 He  and  8 He,  rather  extended  matter  distributions  were  obtained,  the  mat¬ 
ter  densities  decreasing  much  slower  with  the  radius  than  the  one  for  4 He.  This  result  is 
interpreted  as  a  clear  evidence  for  the  existence  of  a  significant  neutron  halo  in  6  He  and 
8He. 


Figure  11.  Nuclear  core  and  nuclear  matter  density  distributions  p{r)  for  6He  (left 
side)  and  for  8 He  (right  side)  obtained  for  the  different  parametrizations  applied  (for 
notations  see  text).  For  a  comparison  the  nuclear  matter  density  distribution  for  4He  is 
also  plotted  (left  side).  Curves  are  normalized  to  the  number  of  nucleons. 
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Figure  12.  x 2  values  versus  the  matter  radius  Rm ,  obtained  from  a  fit  to  the  data  for 
4 He,  6 He  and  8 He  using  the  parametrization  GH. 

To  demonstrate  the  sensitivity  of  the  data  on  the  matter  radius  Rm  the  \2  dependence 
of  the  fitting  parameter  Rm  is  displayed  in  figure  12  for  the  example  of  the  analysis  with 
the  parametrization  GH.  Both  parametrizations  (SF  and  GH)  applied  for  4He  have  yielded 
identical  values  Rm  =  1.49  ±  0.03  fm.  In  the  case  of  6 He  and  8 He  the  values  obtained 
for  the  matter  radii  Rm  from  the  four  parametrizations  mutually  agree  within  small  errors 
(±0.02  fm).  This  demonstrates  that  the  results  of  the  radii  are  quite  independent  of  the 
model  assumptions  considered.  The  final  average  values  are  Rm  =  2.30  ±  0.07  fm  for  6 He, 
and  Rm  =  2.45  ±  0.07  fm  fof  8 He  (with  total  errors  including  systematical  uncertainties). 
The  values  determined  for  the  core  radii  are  Rc  =  1.88  ±  0.12  fm  for  6He,  and  Rc  =  1.55 
±  0.15  fm  for  8He. 

The  present  data  on  nuclear  matter  radii  from  elastic  proton  scattering  cross  sections 
may  be  compared  to  corresponding  data  deduced  from  the  total  interaction  cross  sections, 
a  method  which  was  discussed  in  §2  of  this  contribution.  Such  a  comparison  is  of  special 
interest,  as  both  methods  to  determine  nuclear  matter  radii  are  independent.  The  results 
from  the  present  experiment  are  in  close  agreement  with  the  accepted  values  Rm  =  2.33 
±  0.04  fm  for  6 He  and  =  2.49  ±  0.04  fm  for  8 He  from  Tanihata  et  al  [25].  However, 
the  data  on  the  6  He  matter  radius  from  the  total  interaction  cross  sections  were  again  under 
discussion  recently,  as  a  re-analysis  [26,27]  of  the  data  from  ref.  [2]  resulted  in  two  new 
values  for  Rm,  which  both  disagree  with  the  radius  from  the  present  experiment.  Ip  figure 
13  the  results  on  the  matter  radius  of  6 He  from  various  analysis  [23-27]  over  the  years, 
which  were  all  based  on  the  same  experimental  data  set  from  Tanihata  et  al  [2],  are  dis¬ 
played  (black  dots).  For  comparison  the  result  of  the  present  experiment  is  also  shown  in 
figure  13  (open  square).  It  may  be  concluded  from  figure  13  that  the  error  bars  given  for 
the  various  values  deduced  from  analysing  the  data  on  the  total  interaction  cross  section  do 
in  some  cases  not  include,  or  underestimate  the  systematical  uncertainties.  At  present  this 
topic  is  still  under  discussion. 

Besides  the  determination  of  phenomenological  nucleon  density  distributions  and  their 
parameters,  the  present  data  allow  also  a  sensitive  test  of  theoretical  model  calculations  on 
the  structure  of  neutron-rich  nuclei.  As  an  example,  the  results  of  microscopic  calculations 
performed  in  the  framework  of  the  refined  resonating  group  model  (RRGM)  [28],  using  as 
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Figure  13.  Compilation  of  values  for  the  nuclear  matter  radius  of  6 He,  deduced  from 
various  analysis  [23-27],  which  were  all  based  on  the  same  data  set  on  the  total  interac¬ 
tion  cross  sections  [2]  (black  dots).  For  comparison  the  value  obtained  from  the  present 
experiment  is  also  shown  (open  square). 


Figure  14.  Differential  cross  sections  forp6He  scattering  (left  side)  and p8 He  scattering 
(right  side)  obtained  from  the  present  experiment  are  compared  with  calculated  cross 
sections  on  the  basis  of  nuclear  matter  distributions  resulting  from  microscopic  RRGM 
calculations  with  various  effective  nucleon-nucleon  forces,  namely  CS  (solid  lines),  SZ 
(dashed  lines),  SZ-V2  (dotted  line),  modified  SZ-V2  (dashed-dotted  line).  For  notations 
see  text. 

an  input  various  effective  nucleon-nucleon  forces  without  additional  free  parameters,  are 
compared  with  the  experimental  data.  For  that  purpose,  the  nucleon  density  distributions 
obtained  from  the  theoretical  RRGM  calculations  [29,30]  for  the  different  helium  isotopes 
investigated  were  used  as  an  input  for  Glauber  calculations,  as  described  above.  Finally 
the  obtained  ‘theoretical  cross  sections’  were  compared  with  the  experimental  data,  thus 
allowing  for  a  test  of  the  nucleon-nucleon  force  used.  In  figure  14  the  experimental  data 
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on  6 He  and  8 He  are  displayed  in  comparison  with  the  corresponding  results  of  RRGM 
calculations  [29,30]  performed  with  the  effective  nucleon-nucleon  force  introduced  by 
Csoto  (CS),  and  various  modifications  of  the  effective  nucleon-nucleon  force  introduced 
by  Stowe  and  Zahn  (SZ)  (for  details  see  refs  [20,29,30]).  For  both  isotopes,  the  SZ-V2 
force,  which  includes  (as  compared  to  the  original  version  SZ-2)  the  central  force  in  the 
odd-parity  singlet  and  triplet  states  of  the  nucleon-nucleon  two-body  force,  yields  the 
best  description  of  the  experimental  data.  In  the  case  of  8  He  the  SZ-V2  force  had  to  be 
modified  [30]  (inclusion  of  a  realistic  hard  core)  to  obtain  a  reasonable  agreement  with  the 
experimental  data. 

In  figure  15  (left  side)  the  corresponding  theoretical  nuclear  matter  densitiy  distributions 
are,  for  the  case  of  6  He,  compared  with  the  distribution  deduced  from  the  present  experi¬ 
ment  for  the  GG  parametrization  (see  above).  For  r  <  5  fm,  the  best  agreement  is  obtained 
for  the  SZ-V2  force  which  gave  also  the  best  agreement  for  the  cross  sections.  There  seems 
to  be  a  general  trend  of  these  calculations  to  exhibit,  as  compared  to  the  experimental  re¬ 
sult,  an  enhanced  tail  for  very  large  radii  (r  >  5  fm).  This  trend  is  in  agreement  with 
calculations  from  ref.  [26],  but  in  disagreement  with  a  recent  calculation  using  the  boson 
dynamic-correlation  model  [31].  The  result  of  this  calculation  is  also  shown  in  figure  15 
(right  side).  A  remarkably  good  agreement  with  the  experimentally  determined  density 
distribution  over  the  whole  range  of  the  radius  parameter  r  is  obtained. 

In  an  experiment  performed  very  recently  at  GSI  Darmstadt  data  on  elastic  proton  scat¬ 
tering  from  neutron-rich  lithium  isotopes  8 Li,  9 Li  and  11  Li  were  taken  using  the  same 
experimental  method.  At  present  the  data  analysis  is  in  progress.  From  the  statistics 


Figure  15.  On  the  left  side  the  nuclear  matter  density  distribution  for  6He,  obtained 
from  microscopic  RRGM  calculations  with  the  effective  nucleon-nucleon  forces  CS 
(solid  line)  and  SZ-V2  (dashed-dotted  line),  are  compared  with  the  density  distribution 
deduced  from  the  present  experiment  for  the  GG  parametrization  (dotted  line).  On 
the  right  side  of  the  figure,  again  the  distribution  deduced  from  the  present  experiment 
(dotted  line)  is  compared  with  the  result  of  a  calculation  using  the  boson  dynamic- 
correlation  model  [31]  (dashed-dotted  line). 
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obtained  we  expect  a  similar,  or  even  better  sensitivity  on  the  nuclear  matter  distributions 
0f  8,9,1  ijj  as  compared  to  the  case  of  the  helium  isotopes. 

4.  Investigation  of  few-nucleon  transfer  reactions 

The  investigation  of  light  ion  induced  few-nucleon  transfer  reactions  with  exotic  beams  in 
inverse  kinematics  opens  potentially  a  large  spectrum  of  physics  interest.  The  experimental 
scenario  for  such  measurements  is  essentially  different  from  the  one  for  elastic  and  inelastic 
scattering.  This  is  mainly  due  to  the  fact  that  incident  energies  of  the  order  of  5  -  20  MeV/u 
are  required  to  fulfill  the  momentum  matching  criterion  for  the  transferred  particle(s).  For 
much  higher  energies  the  momentum  mismatch  for  the  transferred  nucleon  in  projectile 
and  target  will  lead  to  a  loss  of  cross  section  and  /-selectivity,  the  latter  needed  for  an  un¬ 
ambiguous  identification  of  the  populated  states.  Such  experiments  are  most  favourably 
performed  at  the  new  generation  of  radioactive  beam  facilities  presently  under  construc¬ 
tion  or  just  starting  operation  (for  example:  SPIRAL  at  GANIL,  France,  REX-ISOLDE  at 
CERN,  Switzerland,  or  PIAFE  at  Munich,  Germany,  etc.),  which  provide  good  quality  low 
energy  exotic  beams.  Therefore  the  present  contribution  mainly  concentrates  on  the  future 
perspectives  and  possibilities  (for  a  more  detailed  discussion  of  this  topic  see  also  [32]). 

The  investigation  of  few-nucleon  transfer  reactions  (for  example  (d,p),  ( p,d ),  (p,  t), 
etc.)  allows  the  population  and  spectroscopy  of  single  particle-  and  single  hole-states,  as 
well  as  two  particle  (hole)-states,  which  is  of  particular  interest  in  the  region  near  closed 
shells.  The  location  and  identification  of  such  states  and  the  determination  of  their  spec¬ 
troscopic  strength  provides  a  sensitive  test  of  the  nuclear  shell  model  in  the  region  far  off 
stability.  It  should  be  pointed  out,  that  such  studies  are  complementary  to  decay  spec¬ 
troscopy,  which  does  not  allow  to  determine  spectroscopic  factors.  The  investigation  of 
two  particle  (hole)-states  in  the  vicinity  of  doubly  closed-shell  nuclei  opens  the  possibil¬ 
ity  to  deduce  matrix  elements  of  the  two-body  residual  interaction,  which  is  an  important 
input  for  microscopic  calculations.  Many  new  combinations  of  shell  model  orbits  become 
available  by  investigating  nuclei  near  the  doubly  magic  132Sn  nucleus.  Moreover  the  spec¬ 
troscopy  (identification  of  energy  levels  and  determination  of  spectroscopic  factors)  of 
neutron  resonances  by  the  (c/,p)-reaction  on  r- process  nuclei  in  the  A  80  and  A  &  130 
regions  (near  the  neutron  shell-closures)  may  yield  important  data,  necessary  to  explain  the 
observed  solar  isotopic  abundance  pattern  and  to  give  constraints  on  neutron  density  and 
temperature  for  the  astrophysical  scenario. 

With  respect  to  neutron-rich  light  halo  nuclei  information  on  neutron  pair-correlations 
may  be  obtained  from  the  comparison  of  cross  sections  for  one-  and  two-neutron  pickup 
reactions,  whereas  neutron-stripping  reactions  may  allow  spectroscopy  at  or  even  beyond 
the  drip  line. 

As  the  intensities  of  secondary  exotic  beams  are  limited,  all  these  experiments  require 
thick  effective  targets  and  large  solid  angle  detector  systems.  Therefore  we  propose  to 
use  the  concept  of  a  time-projection  ionization  chamber  as  active  target,  similar  to  the  one 
discussed  in  §3,  also  for  experiments  with  low-energy  exotic  beams.  Of  course  such  a 
design  has  to  be  adjusted  to  the  specific  experimental  conditions.  In  figure  16  a  design 
for  such  a  device  is  displayed  together  with  the  experimental  situation  for  the  example 
of  a  (p,  t)  reaction  on  11  Li.  Due  to  the  relatively  high  specific  energy  loss  of  the  beam 
particles  in  the  entrance  window,  its  thickness,  and  therefore  the  operating  pressure,  has 
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Figure  16.  Schematic  view  of  a  design  for  a  time-projection  ionization  chamber  as 
active  target  for  the  investigation  of  direct  reactions  with  exotic  beams  at  low  incident 
energies  around  5-20  MeV/u. 

to  be  limited  to  about  1-2  bar.  In  order  to  ensure  sufficient  target  thickness  and  stop¬ 
ping  power  to  stop  the  target  like  particles,  the  whole  setup  is  operated  at  LN2  tempera¬ 
ture.  The  operating  principle  and  the  readout  procedure  will  be  similar  to  that  discussed 
in  §3  (see  also  figure  9).  In  summary,  such  a  device  will  provide  a  high  target  thickness 
up  to  10-20  mg/cm2  of  pure  hydrogen,  a  large  detector  solid  angle  (angular  acceptance: 
20°  <  0  <  160°  over  the  whole  azimuthal  angle),  and  good  energy  and  angular  resolu¬ 
tion  (see  §3).  Particle  identification  is  provided  by  AE/E  techniques  due  to  a  separated 
anode  (for  the  target-like  particles),  and  a  forward  AE/E  silicon  strip  telescope  (for  the 
projectile-like  particles).  This  setup  may  be  used  for  all  kinds  of  direct  reactions  with  low 
energy  secondary  beams  and  with  H2,  D2,  3 He,  4 He  targets.  Due  to  the  increase  of  energy 
loss  in  the  entrance  window  and  the  gas  for  very  heavy  ions  its  application  will  be  limited 
to  light  beams  up  to  Z  «  15  —  20. 

For  experiments  with  heavier  beams  more  conventional  setups  using  large  solid  angle 
arrays  of  silicon  strip  detectors  or  PIN-diodes  and  solid  targets  (for  example  CHn,  CDn 
or  deuterated  Ti-foils)  may  be  used.  It  has  been  demonstrated  in  a  prototype  experiment 
[33],  where  the  d(136Xe,  p)137Xe*  reaction  was  investigated  at  E  —  5.9  MeV/u  with  stable 
beam  in  inverse  kinematics,  that  such  an  experimental  setup  will  be  well  suited,  and  will 
provide  sufficient  energy  resolution  (A E  <  80  keV)  for  such  measurements  with  exotic 
beams. 

For  the  identification  of  heavy  projectile-like  reaction  products  in  the  outgoing  chan¬ 
nel  the  concept  of  calorimetric  low  temperature  detectors  provides  considerable  advan¬ 
tage  over  conventional  detection  schemes,  and  is  therefore  foreseen,  for  example,  for  the 
VAMOS  spectrometer,  presently  under  construction  for  the  SPIRAL  facility  at  GANIL, 
France.  For  such  detectors,  operated  at  temperatures  around  T  «  1.5-2  K,  excellent  en¬ 
ergy  resolutions  of  AE/E  «  1  —  2  •  10~3  were  achieved  [34,35]  even  for  very  heavy  ions 
like  238 U.  Thus  their  use  for  the  isotope  mass  identification  via  a  TOF/energy  measurement 
may  allow  the  separation  of  masses  up  to  the  heaviest  isotopes,  and  replace  the  standard 
TOF IB  •  p  method  with  solid  angle  limiting  magnet  spectrometers. 
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Abstract.  Evaporation  of  alpha  particles  in  heavy  ion  reactions  followed  by  fusion  has  proved  to 
be  a  powerful  probe  for  the  properties  of  emitting  nuclei.  Detailed  experimental  data  and  different 
model  calculations  allow  us  to  probe  whether  the  foundation  of  the  statistical  model  holds  for  the 
compound  nucleus  populated  in  these  reactions.  It  has  been  observed  that  in  the  case  of  composite 
nuclei  at  moderate  energies  and  angular  momenta,  evaporation  spectra  are  well  explained  in  terms 
of  the  standard  statistical  model  CASCADE  code  employing  optical  model  transmission  coefficients 
in  the  description  of  particle  evaporation.  However,  it  has  been  observed  that  experimental  particle 
spectra  from  heavy  ion  induced  fusion  reactions  are  no  longer  consistent  with  the  predictions  of  such 
models.  It  has  been  predicted  by  some  authors  that  in  these  systems  the  emission  barriers  are  lower 
than  those  expected  from  optical  model  transmission  coefficients  calculated  for  the  respective  inverse 
absorption  channels.  Some  authors  claim  that  these  spectra  may  be  well  explained  in  terms  of  the 
statistical  model  incorporating  only  spin  dependent  level  density  and  without  lowering  the  emission 
barriers.  The  field  is  not  yet  free  from  the  controversies.  Furthermore,  the  assumption  of  the  very 
short  formation  time  in  statistical  model  analysis  is  one  extreme  of  the  general  evolution  process 
which  in  fact  is  a  continuous  relaxation  process,  leading  to  the  composite  system  from  the  entrance 
channel  to  the  equilibrated  configuration.  Recent  dynamical  description  of  heavy  ion  collisions  do 
not  support  this  assumption  in  many  cases.  In  symmetric  entrance  channels  and  for  collisions  where 
centre  of  mass  energy  is  well  above  the  Coulomb  barrier,  formation  time  can  be  even  larger  than 
decay  time  of  the  resulting  composite  system.  In  such  cases  realistic  approach  will  be  to  couple  the 
dynamical  evolution  of  the  intrinsic  excitation  of  the  composite  system  to  a  time  dependent  statistical 
model  calculation.  The  above  question  has  been  addressed  in  the  light  of  the  alpha  particle  spectra 
taken  in  coincidence  with  the  evaporation  residues  for  the  asymmetric  28 Si  -f  51 V  and  the  symmetric 
28Si  T  27A1  systems.  The  experimental  data  have  been  interpreted  in  the  framework  of  dynamical 
trajectory  model  calculations. 

Keywords.  Proton  and  alpha  spectra;  dynamical  deformations;  statistical  model. 

PACS  Nos  25.70.Gh;  24.60.Dr 


1.  Introduction 

Heavy  ion  reactions  are  routinely  used  to  produce  composite  nuclei  with  large  angular  mo¬ 
menta  and  excitation  energies.  Over  the  past  few  years,  there  has  been  a  strong  interest 
directed  towards  inferring  the  statistical  properties  of  these  hot,  rapidly  rotating  nuclei. 
Statistical-model  reaction  simulations  are  used  in  conjunction  with  experimental  data  in 
order  to  infer  these  properties.  High  excitation  energy  implies  that  the  nucleus  de-excite 
by  emitting  several  particles  and  gamma  rays  so  that  the  decay  pattern  involves  a  number 
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of  different  paths.  High  spins  are  expected  to  favor  the  emission  of  complex  clusters  which 
are  more  effective  than  nucleons  in  removing  the  angular  momentum.  While  the  statisti¬ 
cal  model  has  been  used  for  many  decades  to  analyse  a  variety  of  observables  related  to 
compound  nucleus  decay  [1],  the  successful  description  of  light  particle  emission  remains 
essential  for  evaluating  the  validity  of  the  model  and  the  choice  of  parameters  within  it. 
Studies  of  evaporated  particle  energy  spectra  yield  direct  information  about  the  main  sta¬ 
tistical  model  ingredients,  the  nuclear  level  densities,  and  barrier  penetration  probabilities. 
Determination  of  these  properties  has  applications  to  current  research  into  fusion  and  fis¬ 
sion  dynamics  which  often  depends  on  the  statistical  model  in  some  form  for  comparison 
to  data. 

Over  the  past  decade,  there  have  been  several  claims  of  serious  discrepancies  between 
standard  statistical  model  predictions  and  measured  light  charged  particle  energy  spectra 
[2-13].  Measured  light  charged  particles  have  been  characterised  as  having  lower  average 
energies  than  predicted.  Several  papers  reported  that  these  nuclei  are  subjected  to  lower 
emission  barriers  as  compared  to  inverse  absorption  channels  due  to  large  deformations  at 
these  higher  excitation  energy  and  angular  momentum  [2-10].  Some  other  authors  claim 
that  these  spectra  may  be  well  explained  in  terms  of  a  statistical  model  incorporating  only  a 
spin  dependent  level  density  and  without  lowering  the  emission  barriers  [10-13].  Possible 
deficiencies  of  an  ‘average’  one  step  [6,7]  or  two  step  decay  [12]  approximation  employed 
in  some  statistical  model  codes  were  pointed  out,  as  well  as  the  need  for  proper  treatment 
of  level  density  for  expected  rotating  liquid  drop  model  (RLDM)  deformations  [5,8,13,14]. 

Furthermore,  the  assumption  of  a  very  short  formation  time  in  statistical  model  is  one 
extreme  of  the  general  evolution  process  which  in  fact  is  a  continuous  relaxation  process, 
leading  to  the  composite  system  from  the  entrance  channel  to  the  equilibrated  configura¬ 
tion.  Recent  dynamical  descriptions  of  heavy  ion  collisions  do  not  support  this  assumption 
in  many  cases  [15,16].  In  symmetric  entrance  channels  and  for  collisions  where  center  of 
mass  energy  is  well  above  the  Coulomb  barrier,  formation  time  can  be  even  larger  than 
decay  time  of  the  resulting  composite  system.  In  such  cases  a  realistic  approach  will  be 
to  couple  the  dynamical  evolution  of  the  intrinsic  excitation  of  the  composite  system  to  a 
time  dependent  statistical  model  calculation.  Such  calculations  have  been  reported  where 
the  dynamical  part  is  calculated  using  a  realistic  macroscopic  description  of  the  nucleus- 
nucleus  collision  based  on  the  concept  of  one  body  dissipation  [17-19].  However  in  these 
calculations  the  structure  or  shape  of  the  forming  compound  nucleus  at  each  time  stage  in 
terms  of  its  level  density,  and  transmission  coefficients  for  particle  emissions  have  not  been 
considered  adequately.  This  can  result  in  a  major  discrepancy  in  prediction  for  all  particle 
channels,  if  the  formation  time  is  comparable  to  or  longer  than  the  decay  time  of  the  even¬ 
tually  formed  compound  nucleus.  Recently  some  authors  have  suggested  the  possibility  of 
the  dynamical  effects  on  the  de-excitation  process  [20,21]. 

A  simplistic  attempt  to  describe  the  collision  has  been  based  on  the  schematic  picture 
of  the  collision  process  in  terms  of  the  topology  of  the  entrance  channel  potential.  If 
the  resultant  force  is  attractive,  the  collision  will  lead  to  fusion.  Calculations  become 
elaborate  if  the  dynamics  of  the  process  is  considered  explicitly  along  the  whole  reaction 
path,  through  the  multi-dimensional  space  of  relevant  collective  degrees  of  freedom  of 
the  nuclear  system  by  incorporating  dissipation  [22].  A  more  correct  approach  will  be  to 
divide  the  total  decay  time  into  two  parts:  (i)  decay  during  the  formation  of  the  equilibrated 
system,  and  (ii)  decay  of  the  equilibrated  compound  nucleus.  However,  results  from  this 
approach  also  become  qualitative  as  noted  by  Thoennessen  et  al  [19],  since  the  statistical 
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model  is  being  applied  to  the  non-equilibrated  system  also. 

In  the  present  work,  we  have  measured  the  alpha  particle  energy  spectra  in  coincidence 
with  evaporation  residues  for  the  79  Rb*  compound  system,  produced  in  the  heavy  ion 
fusion  reaction  with  great  experimental  care.  Statistical  model  and  dynamical  calculations 
have  been  used  in  an  attempt  to  interpret  the  experimental  data. 


2.  Experiment 

The  experiment  was  performed  with  the  15UD  Pelletron  at  NSC,  New  Delhi,  India.  The 
140  MeV  28Si  beam  was  used  to  bombard  a  1000/ig/cm2  spectroscopically  pure  51 V  foil 
as  target.  The  experiment  was  done  using  the  Heavy  Ion  Reaction  Analyser  (HIRA)  (recoil 
mass  separator).  The  evaporation  residues  were  separated  from  the  beam  and  were  detected 
by  the  focal  plane  detector  at  different  angles  of  HIRA  to  take  into  account  the  recoil  due 
to  the  a-particle  emission.  Figure  1  shows  the  experimental  set-up.  High  quality  particle 
spectra  were  obtained  at  different  laboratory  angles  using  A E  —  E  (40  /im-5mm)  detector 
telescopes  (I\  and  X2)  with  proper  precautions  regarding  the  energy  calibration,  and  a  very 
good  vacuum  of  roughly  10-7  Torr  in  the  scattering  chamber  so  as  to  avoid  oxygen  and 
carbon  built-up  on  the  target.  Light  charged  particle  spectra  were  taken  in  coincidence 
with  the  evaporation  residues  in  order  to  discriminate  the  particle  evaporation  from  various 
mechanisms  viz.  evaporation  from  projectile-like  nuclei.  The  compound  nucleus  79 Rb* 
was  formed  at  an  excitation  energy  of  85  MeV  with  4nax  =  56ft. 


3.  Analysis 

3.1  Statistical  model  calculations 

The  statistical  computer  code  CASCADE  [23]  was  used  to  perform  the  theoretical 
calculations,  which  assumes  the  reaction  to  occur  in  two  steps.  First  the  forma¬ 
tion  of  the  compound  nucleus  and  second  the  statistical  decay  of  the  equilibrated  sys¬ 
tem.  There  are  two  aspects  of  the  physics  which  govern  the  flow  of  an  evaporation 
cascade,  the  spin  dependent  level  density  defining  the  available  phase  space  and  the 


Chamber 


Figure  1.  The  schematic  layout  of  the  scattering  chamber  and  HIRA.  B.C.  is  the  beam 
catcher;  Qi,  Q2,  Q3,  Q4,  the  quadrupoles;  EDI,  ED2,  the  electric  dipoles;  M  the  multi¬ 
pole;  MD  the  magnetic  dipole  and  Ti,  T2  are  the  two  telescopes. 
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transmission  coefficients  that  control  access  to  this  space.  The  transmission  coefficients 
mainly  effect  the  lower  energy  part  of  the  particle  spectrum.  In  heavy  ion  induced  fusion 
reactions,  high  excitation  and  in  particular  the  levels  at  high  angular  momentum  have  an 
essential  influence  on  the  deexcitation  cascade.  The  level  density  formula,  for  a  given 
angular  momentum  I  and  both  parities  ±7 r,  can  be  written  as 


P(E,  I) 


2-r  +  i  i/a  (#_ S' 2  1 

12  \2Jj  ( E-A-t-Eif 

x  exp  {2  [a  (E  -  A  -  t  -  £/)]1/2}  , 


where  a  is  the  level  density  parameter,  t  is  the  thermodynamic  temperature,  A  is  the  pairing 
correction  and  Ej  is  the  rotational  energy.  The  rotational  energy  in  terms  of  rigid  body 
moment  of  inertia  Jo  is  given  by 


E,  =  g/U+D 

h2  i(i  + 1) 

~  2 J0  (1  +  SlP  +  S2Ii)’ 


where  8\  and  82  are  the  input  parameters  providing  a  range  of  choices  for  the  spin  depen¬ 
dence  of  the  level  density. 

Figure  2  compares  the  experimental  data  with  the  cumulative  alpha  and  proton  spectra 
from  cascade  calculations  using  rotating  liquid  drop  model  (RLDM)  moment  of  inertia  and 
the  optical  model  transmission  coefficients  for  the  respective  inverse  absorption  channels. 
The  experimental  data  are  presented  for  singles  as  well  as  in  coincidence  with  the  residues. 
The  coincidence  measurements  are  done  by  rotating  HIRA  set  up  from  0°  to  15°  to  account 
for  the  recoil  of  the  residual  nucleus.  The  coincidence  data  at  different  angles  of  HIRA  is 
then  normalized  by  the  total  charge  on  the  target  and  then  intergrated.  It  can  be  seen  that  the 
experimental  spectra  differ  from  the  theoretical  calculations.  In  order  to  fit  these  spectra, 
we  introduced  a  spin  dependent  level  density  with  Ei  values  generated  with  increased 
values  of  8\  and  £2  and  without  changing  the  optical  model  transmission  coefficients.  The 
spin  dependence  of  the  level  density,  effected  by  the  variation  of  Ej  produces  a  noticeable 
change  in  the  slope  of  high  energy  tail  of  the  spectrum.  However,  the  peak  position  and 
lower  energy  part  of  the  spectrum  remain  unchanged.  Increasing  the  values  of  81  and  82 
parameters  and  thus  reducing  the  value  of  Ej,  enhances  the  available  phase  space  for  low 
/-wave  emission  of  neutrons  and  protons  from  high  spin  compound  nuclear  states  relative 
to  the  higher  /-wave  emission  of  alpha  particles  from  these  states.  As  a  result  the  more 
strongly  competing  neutron  and  proton  emission  suppresses  the  early  emission  of  alpha 
particles*  from  high  spin  states.  The  suppression  of  first  chance  alpha  particle  emission 
leads  to  the  softening  of  the  high  energy  part  of  the  alpha  spectrum.  However,  the  lower 
energy  part  of  the  spectrum  remains  uneffected  due  to  this  change  of  level  density. 

The  present  results  were  compared  with  28 Si  +  27  A1  system  studied  by  us  earlier  [10].  It 
is  found  that  the  experimental  spectra  in  the  present  case  of  28  Si  +  51 V  system  may  be  ex¬ 
plained  by  the  statistical  model  calculations  taking  into  account  much  less  deformation  of 
the  compound  nucleus  as  compared  to  the  28 Si  +  27  A1  system,  though  the  average  angular 
momentum  of  «  40 h  in  the  28  Si  +  51 V  asymmetric  system  is  higher  as  compared  to  «  30 Ti 
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Figure  2.  Comparison  of  the  experimental  spectra  (triangles  for  coincidence  with  ER 
and  circles  for  singles)  with  the  statistical  model  (solid  line)  using  transmission  coeffi¬ 
cients  for  the  spherical  nuclei  and  the  RLDM  moment  of  inertia  with  /max  =  5 6h  for 
the  reaction  28Si  +  51 V.  (a)  a-spectra  at  angles  30°  and  60°.  (b)  Same  for  the  proton 
spectra. 

in  28 Si  +  27 A1  symmetric  system.  To  understand  the  above  behaviour,  we  did  dynamical 
analysis  in  order  to  verify  the  symmetric  and  asymmetric  entrance  channel  effects  on  the 
formation  of  the  compound  nucleus. 


3.2  Dynamical  trajectory  model  calculations 

In  the  model  developed  by  Feldmeier  [24],  various  aspects  of  dissipative  heavy-ion  col¬ 
lision  are  brought  out  for  center  of  mass  energies  ranging  from  the  Coulomb  barrier  up 
to  several  MeV  per  nucleon  above  the  barrier.  The  lower  limit  is  for  treating  classical 
trajectories  and  the  upper  limit  to  ensure  that  the  mean  field  assumption  is  valid.  The 
macroscopic  properties  of  large  scale  nuclear  motion  are  obtained,  where  the  coupling  be¬ 
tween  the  intrinsic  and  collective  degrees  of  freedom  is  treated  in  a  microscopic  picture  of 
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particle  exchange  [25],  which  provide  the  friction  and  the  diffusion  tensor.  The  dynamical 
evolution  of  the  two  colliding  nuclei  is  described  by  a  sequence  of  shapes  which  basically 
consist  of  two  spheres  connected  by  a  conical  neck.  Throughout  the  collision  the  volume  of 
the  shape  is  conserved  so  that  the  uniform  mass  and  charge  densities  remain  the  same.  The 
macroscopic  shapes  of  the  nuclear  system  are  represented  by  axially  symmetric  configu¬ 
rations  with  sharp  surfaces.  These  shapes  are  uniquely  determined  by  three  macroscopic 
degrees  of  freedom:  the  distance  between  the  nuclei  s  (elongation),  the  neck-coordinate 
(cr),  and  the  asymmetry  coordinate  (A),  defined  as 

distance  between  two  spheres, 

Vo  -  (47r/3)i?f  -  (4tt/3 )R% 

Vo 

R\  —  i?2 

Ri  +  R2 

where  Vo  is  the  total  volume  of  the  system  and  is  independent  of  the  s,  cr  and  A.  Ri  and 
R2  are  the  radii  of  the  two  interacting  nuclei.  In  addition  there  are  three  rotational  degrees 
of  freedom  for  the  intrinsic  and  relative  rotation  of  the  di-nuclear  complex.  Denoting  the 
six  macroscopic  co-ordinates  and  their  momenta  by  {q{t),p(t)),  the  Langevin  dynamical 
equations  of  motion  can  be  written  as 

dp/ dt  =  —dT/dq  —  dV/dq  +  X(t) 
dq/d  t  =  M~lp 


where  T  is  the  collective  kinetic  energy  and  M  is  the  mass  tensor,  V  is  the  conservative 
potential  and  X(t)  is  the  fluctuating  force  due  to  coupling  of  the  collective  degrees  of 
freedom  to  the  intrinsic  degrees  of  freedom.  The  mass  tensor  is  calculated  from  the  pro¬ 
file  function  by  assuming  incompressible  and  irrotational  flow  of  mass  during  the  shape 
evolution  in  the  collision.  The  potential  energy  V  is  calculated  by  associating  with  each 
shape  the  nuclear  and  Coulomb  energies;  the  nuclear  potential  is  obtained  as  a  double 
volume  integral  of  a  Yukawa  plus  exponential  folding  function,  the  Coulomb  potential  is 
calculated  assuming  a  uniform  charge  distribution  with  a  sharp  surface.  The  motion  of  the 
system  is  governed  by  strong  dissipative  force  X(t),  which  is  related  to  the  friction  and 
the  diffusion  terms  obtained  from  particle  exchange  model  [25].  One-body  dissipation  is 
assumed  to  be  predominant  as  it  has  been  found  to  be  more  relevant  for  these  type  of  re¬ 
actions  [26].  This  model  gives  a  realistic  macroscopic  description  of  the  nucleus-nucleus 
collision,  based  on  the  concept  of  one-body  dissipation.  It  does  not  contain  free  parameters 
and  consistently  describes  the  dynamical  evolution  of  various  composite  systems  formed 
in  nucleus-nucleus  collisions  in  a  wide  range  of  impact  parameters. 

The  results  of  HICOL  calculations  are  given  in  figures  3  and  4.  In  figure  3,  the  elonga¬ 
tion  of  the  fusing  nuclei  is  plotted  as  a  function  of  time.  The  calculations  were  done  for 
the  whole  range  of  /  values  and  these  values  are  given  in  the  plot.  It  can  be  observed  that 
for  high  /-values,  trajectories  do  not  lead  to  a  spherical  compound  nucleus  but  remained 
elongated  for  long  times  and  it  is  a  general  feature  of  both  the  systems  studied.  The  dashed 
lines  in  the  figure  show  the  radii  (R  —  R0A 1/3)  of  the  compound  nuclei  79Rb(28Si  +  51 V) 
and  55Co(28Si  +  27 Al).  This  line  indicates  that  the  /-values  with  separation  greater  than 
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Figure  3.  Calculated  evolution  of  the  separation  (s)  of  the  colliding  nuclei  as  a  function 
of  time  for  the  reactions  28Si  +  51 V  and  28Si  +  27 A1  at  140  MeV.  Dashed  line  (-  -) 
corresponds  to  the  radius  R  =  Ro  A 173  for  the  compound  nuclei  79Rb  and  55Co  for 
the  two  systems  (see  text). 

this  value  do  not  lead  to  the  fusion.  The  thermal  excitation  energy  as  a  function  of  time  is 
plotted  in  figure  4.  It  can  be  seen  that  the  excitation  energy  available  for  particle  emission 
achieves  its  final  value  roughly  in  5  x  10~22  sec  after  the  zero  time.  (Zero  time  is  defined 
as  the  time  when  the  participating  nuclei  begin  to  feel  the  nuclear  force  and  deviate  from 
the  earlier  Coulomb  trajectories.)  Furthermore,  the  excitation  energy  available  for  particle 
emission  decreases  as  the  angular  momentum  increases. 

Decay  times  were  estimated  using  the  computer  code  PACE2  [27].  These  times  were 
compared  with  the  formation  times  of  the  compound  nuclei  in  order  to  see  whether  evapo¬ 
ration  is  significant  during  the  formation  process.  The  decay  times  for  28  Si  +  51 V  and  28 Si 
+  27A1  systems  are  3.1  x  10~21  sec  and  1.78  x  10-21  sec  respectively.  The  average  forma¬ 
tion  times  for  28Si  +  51 V  and  28Si  +  27 A1  systems  are  2.5  x  10~21  sec  and  2.09  x  10~21  sec 
respectively.  The  formation  times  for  both  the  systems  are  comparable  to  the  decay  times, 
therefore  the  influence  on  particle  decay  during  the  formation  process  of  compound  nu¬ 
cleus  will  be  significant  in  both  the  cases.  The  a-particles  emitted  due  to  the  fragments 
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Figure  4.  Calculated  evolution  of  the  excitation  energy  of  the  colliding  nuclei  ( E *)  as 
a  function  of  time  for  the  reactions  28Si  +  51 V  and  28Si  +  27  A1  at  140  MeV. 

in  the  pre-compound  process  are  focussed  in  the  forward  direction  and  hence,  the  spectra 
for  9  >  30°  will  be  mainly  dominated  by  the  statistical  decay  of  the  compound  equilibrated 
system.  As  is  evident  from  figure  2,  at  30°  the  singles  and  the  coincidence  spectra  do  not 
coincide  with  each  other.  However,  at  60°  they  completely  overlap,  indicating  that  there  is 
no  contribution  from  the  fragment  like  or  pre-compound  emission. 

The  semiclassical  code  HICOL  does  not  predict  fusion  to  occur  for  28Si+51  V  system  for 
angular  momentum  larger  than  30 h,  instead  the  system  remains  in  a  rotating  configuration 
for  long  times.  In  this  case  the  maximum  value  of  angular  momentum  for  which  the  system 
fuses  is  30 h.  In  the  case  of  28Si+27  A1  system  the  maximum  value  of  angular  momentum 
for  which  the  code  HICOL  predicts  the  fusion  to  occur  is  23 h.  Taking  these  values  of  /max, 
we  did  the  statistical  model  calculations  for  both  the  systems.  Figure  5  shows  the  experi¬ 
mental  data  for  the  a-particles  and  the  protons  compared  with  the  theoretical  predictions 
for  the  28  Si  +  51 V  system  with  /max  =  30  fi  and  the  RLDM  moment  of  inertia.  It  is  evident 
from  the  figure  that  the  statistical  model  predictions  are  in  agreement  with  the  experimental 
data  with  the  HICOL  predicted  /-values  without  taking  into  account  the  deformation  of  the 
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Figure  5.  Comparison  of  the  experimental  spectra  (triangles  for  coincidence  with  ER 
and  circles  for  singles)  with  the  statistical  model  (solid  line)  using  the  transmission 
coefficients  for  the  spherical  nuclei  and  the  RLDM  moment  of  inertia  with  lmeLX  =  30 Ti 
as  predicted  by  the  dynamical  model  (HICOL)  for  the  reaction  28 Si  +  51 V.  (a)  a-spectra 
at  angles  30°  and  60°.  (b)  Same  for  the  proton  spectra. 

compound  nucleus.  It  is  remarkable  to  note  that  the  theoretical  calculations  agree  well  for 
both  the  alphas  and  the  protons.  Figure  6a  shows  the  experimental  data  for  the  a-particles 
compared  with  the  theoretical  predictions  for  the  28 Si  +  27  A1  system  with  /max  =  23  fi  and 
RLDM  moment  of  inertia.  It  can  be  seen  that  the  high  energy  part  of  the  a-spectrum  can  be 
well  fitted  but  the  lower  energy  part  of  the  spectrum  remains  unexplained  by  taking  the  low 
/-values  in  this  case.  The  lower  energy  part  of  the  spectrum  is  therefore  fitted  by  changing 
the  effective  radius  of  the  compound  nucleus.  This  change  is  about  20%  larger  than  the  half 
density  radius  of  the  Woods-Saxon  potential  assumed  in  the  calculation  of  the  transmission 
coefficients  for  the  inverse  absorption  channel.  With  the  changed  transmission  coefficients 
and  using  the  same  value  of  /max  i.e.  /max  =  23 fi,  the  alpha  spectra  are  obtained  as  shown 
in  figure  6b  which  are  in  agreement  with  the  experimental  data.  However,  the  observed 
proton  spectra  in  figure  7a  for  the  symmetric  system  28  Si  +  27 A1  have  such  low  energies 
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Figure  6.  (a)  Comparison  of  the  experimental  a-spectra  (circles)  at  different  angles 
with  the  statistical  model  (solid  line)  using  the  transmission  coefficients  for  the  spherical 
nuclei  and  the  RLDM  moment  of  inertia  with  Zmax  =  23Zi  as  predicted  by  the  dynamical 
model  (HICOL)  for  the  reaction  28 Si  +  27  Al.  (b)  Same  with  the  transmission  coefficient 
changed  for  deformed  nuclei  having  the  average  radius  increased  by  20%. 


that  it  deviates  at  the  lower  as  well  as  at  the  higher  energy  part  of  the  spectrum  with  the 
statistical  model  calculations  using  RLDM  moment  of  inertia  and  Zmax  =  23 h  as  predicted 
by  the  dynamical  model  (HICOL).  The  change  of  the  radius  parameter  by  20%  in  figure 
7b,  as  was  done  in  the  case  of  a-  spectrum,  also  fall  short  of  representing  the  experimental 
data.  It  indicates  that  a  reasonable  nuclear  deformation  may  not  account  for  the  measured 
very  low  proton  energies  as  reported  by  Parker  et  al  [9].  It  seems  that  in  the  symmetric 
systems  the  collisions  in  the  early  stages  of  the  nuclear  reaction  excite  particularly  those 
nucleons  which  are  near  to  the  surface  of  the  nucleus.  In  the  outer  fringes  of  the  reacting 
system,  the  emission  barriers  would  be  lower  than  in  the  central  region  resulting  in  the 
unexpectedly  low  average  particle  energies  for  the  protons. 
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Figure  7.  (a)  Comparison  of  the  experimental  proton  spectra  (circles)  with  the  sta¬ 
tistical  model  using  the  transmission  coefficients  for  the  spherical  nuclei  and  RLDM 
moment  of  inertia,  with  /max  =  23 ft  as  predicted  by  the  dynamical  model  (HICOL)  for 
the  reaction  28Si  +27A1.  (b)  Same  with  the  changed  transmission  coefficients  for  the 
deformed  nuclei  with  the  average  radius  increased  by  20%. 


4.  Summary 

We  have  measured  the  evaporation  residue-gated  alpha  spectra  from  the  79  Rb*  composite 
nuclei.  The  measured  spectra  are  softer  than  those  predicted  by  standard  statistical  model 
calculations.  A  satisfactory  description  of  data  can  be  obtained  by  varying  the  level  density 
parameters  and  invoking  deformation  in  the  transmission  coefficient  calculations  consider¬ 
ing  that  most  a  -emission  comes  from  the  tips  of  the  nucleus.  However,  when  considering 
the  symmetric  28  Si  +  27 A1  and  the  asymmetric  28  Si  +  51 V  system,  it  was  noted  that  the 
deformation  in  the  former  system  having  a  lower  average  angular  momentum  of  30ft  was 
larger  than  the  latter  system  having  a  greater  average  angular  momentum  of  40ft  which 
indicates  that  the  deformation  of  the  compound  system  depends  not  only  on  its  angular 
momentum  but  also  on  the  entrance  channel.  The  dynamical  effects  prior  to  the  forma- 
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tion  of  the  compound  system,  therefore,  seem  to  play  an  important  role  in  deciding  the 
final  /-values  and  excitation  energy  of  the  compound  nucleus.  Dynamical  trajectory  model 
(HICOL)  calculations  predicted  lower  /-values  for  fusion  in  both  cases  and  were  found  to 
be  responsible  for  the  higher  energy  part  of  the  a-spectrum  of  the  two  systems.  The  de¬ 
formation  of  the  system  plays  a  role  in  describing  the  lower  energy  part  of  the  a-spectrum 
and  was  found  to  be  present  in  28  Si  +  27  A1  system.  However,  the  observed  proton  spectra 
for  this  symmetric  system  have  such  low  energies  that  it  is  impossible  to  fit  the  statistical 
model  calculations  with  RLDM  moment  of  inertia  and  HICOL  predicted  /-values  with  a 
reasonable  deformation.  This  indicates  that  in  the  symmetric  systems  probably  the  colli¬ 
sions  in  the  early  stages  of  the  equilibration,  predominantly  excite  the  nucleons  near  the 
surface  of  the  nucleus  resulting  in  the  unexpectedly  low  emission  barrier  and  thus  the  low 
average  particle  energies.  The  present  study  gives  a  new  insight  regarding  the  role  of  the 
dynamics  of  the  nuclear  reaction  in  the  evaporation  of  a-particles  from  hot  nuclei. 
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Experimental  investigations  of  the  nuclear  level  density  by 
using  heavy  ion  reactions 
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Abstract.  The  transition  of  the  level  density  parameter  aeff  from  the  low  excitation  energy  value 
aeft—A/ 8  MeV-1  to  the  Fermi  gas  value  <2fg~^4/15  MeV-1  was  discovered  a  few  years  ago  study¬ 
ing  particle  spectra  evaporated  from  hot  compound  systems  of  A~160.  A  number  of  experiments 
have  been  recently  performed  to  confirm  the  earlier  findings  and  extend  the  investigation  to  other 
mass  regions  and  to  higher  excitation  energies.  Furthermore,  precision  coincidence  experiments 
have  been  done  in  the  lead  region  in  which  evaporation  residues  are  tagged  by  low  energy  gamma- 
rays.  Those  experiments  open  the  possibility  of  a  detailed  study  of  the  level  densities  in  nuclei  where 
the  shell  effects  are  important. 

Keywords.  Heavy-ion  reactions;  measured  light-charged-particle  multiplicity  and  energy  spectra; 
deduced  level  density  parameter  mass  dependence  features. 

PACS  Nos  21.10.Ma;  25.70.Gh;  25.70.Jj;  27.80,+w 

1.  Introduction 

The  level  density  in  excited  nuclei  is  a  topic  of  current  interest  in  nuclear  physics  from  the 
experimental  as  well  as  from  the  theoretical  point  of  view  [1]. 

It  is  well  known  that  at  low  excitation  energies  the  level  density  is  strongly  influenced  by 
the  shell  structure  of  the  nucleus.  Such  effects,  which  are  particularly  important  for  nuclei 
having  proton  and  neutron  numbers  at  the  shell  closures,  are  predicted  to  disappear  with 
increasing  excitation  energy  [2]. 

In  the  Fermi  gas  (FG)  approach,  a  key  quantity  is  the  level-density  parameter  a,  which  is 
simply  related  to  the  density  of  single-particle  levels  g(e?)  at  the  Fermi  energy  ep  and  re¬ 
flects  the  properties  of  the  single-particle  potential.  In  the  simplest  approach,  the  excitation 
energy  Ex  is  related  to  the  nuclear  temperature  T  by  the  relation  Ex  =  aT2.  Therefore, 
the  experimental  knowledge  of  Ex  and  T  allows  the  definition  of  an  effective  level-density 
parameter  aeff.  It  is  well  known  that  for  excitation  energies  of  the  order  of  the  neutron 
separation  energy,  Ex~ 8  MeV,  the  average  empirical  value  of  the  level-density  parameter 
is  aeff  A/8  MeV  1,  where  A  is  the  mass  number.  This  has  to  be  compared  with  the 
expected  value  from  the  FG  model  ape  ~  A/ 15  MeV-1.  The  disagreement  between  the 
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FG  value  and  the  one  at  low  excitation  energy  is  well  understood  as  an  effect  of  the  finite 
size  of  the  nucleus  and  of  the  increase  of  the  nucleon  effective  mass  at  the  Fermi  energy 
produced  by  the  coupling  of  the  single-particle  motion  to  other  degrees  of  freedom.  This 
last  correlation  is  predicted  [3,4]  to  disappear  for  temperatures  larger  than  that  associated 
to  the  low-lying  excited  states,  so  that  a  transition  to  the  FG  value  of  the  level  density 
parameter  aeff  is  expected. 

The  knowledge  of  the  level  density  parameter  aeff  as  a  function  of  excitation  energy 
and  mass  of  the  nucleus  is  not  only  interesting  in  itself,  but  also  of  crucial  importance  in 
modelling  heavy  ion  reactions  designed  to  determine  whether  equilibration  takes  place  and 
in  nuclear  astrophysics  [5]. 

Results  of  experiments  devoted  to  explore  the  excitation  energy  dependence  of  the  level 
density,  from  tepid  to  hot  nuclei,  are  reported  and  discussed  in  this  paper. 


2.  Experiments  on  hot  nuclei 

The  transition  of  the  level  density  parameter  to  the  FG  value  was  discovered  few  years 
ago  in  the  study  of  the  alpha  particles  emitted  at  backward  angles  in  the  reactions  of  19 
and  35  MeV/nucleon  14N+154Sm  [6],  which  are  characterized  by  a  wide  distribution  in 
the  transferred  linear  momentum,  producing  a  continuum  of  sources  of  different  mass  and 
excitation  energies.  Several  points  of  those  earlier  measurements  have  been  verified  in 
successive  investigations  using  the  60Ni-b100Mo  reactions  at  9-17  MeV/nucleon  [7],  Such 
reactions  were  chosen  because  of  the  nearly  complete  momentum  transferred,  which  better 
define  the  emitting  source.  In  this  case  p,  d,  t,  4 He  and  neutron  spectra  were  measured. 

The  quantity  experimentally  determined  is  the  slope  of  the  particle  spectra,  i.e.  the 
apparent  temperature  Tapp.  Because  of  the  length  of  the  deexcitation  chain,  the  measured 
Tapp  is  determined  not  only  by  the  first-chance  particles  emitted  in  the  decay  of  the  nucleus 
A  at  the  excitation  energy  Ex,  but  also  by  those  particles  emitted  in  later  steps  of  the 
cascade,  corresponding  to  lower  excitation  energies  and  masses.  The  derivation  of  T,  the 
temperature  of  the  nucleus  after  the  first  chance  emission,  is  achieved  by  unfolding  slopes 
(?app)  with  the  measured  multiplicity  (M)  at  two  excitation  energies  Ex^  <  Exy. 

T  —  (TapPj 2  x  M2  —  Tapp?i  x  Mi)/ (M2  —  Mi). 

In  few  cases  ‘quasi-first  chance’  spectra  of  the  emitted  particles  have  been  obtained  directly 
by  a  subtraction  procedure.  The  assumption,  in  both  cases,  is  that  the  cascade  originating 
at  Exy>  includes  also  that  at  Ex^. 

An  increase  of  the  inverse  level  density  parameter  K  —  A/ a  in  increasing  the  excitation 
energy  of  the  composite  system  was  clearly  evidenced.  The  transition  to  the  FG  value  is 
located  at  an  excitation  energy  of  e  ~  1.3  MeV/nucleon  (note  that  e  is  the  excitation  energy 
in  the  daughter  nucleus  after  the  particle  emission). 

Furthermore,  the  initial  temperature  was  found  to  be  the  same  (T  =  4.6  MeV)  at  an  aver¬ 
age  total  excitation  energy  of  Ex  —  290  MeV  regardless  of  the  type  of  particle  considered, 
demonstrating  that  the  thermal  equilibrium  was  achieved. 

In  a  second  set  of  measurements,  A  ~  110  nuclei  were  studied  by  coincidences  between 
heavy  residues  and  alpha  particles  from  the  reactions  of  30  MeV/nucleon  160  and  32 S  on 
Ag  [8].  Successive  measurements  were  performed  by  using  low  energy  fusion  reactions 
(32S  +  74 Ge  at  beam  energies  between  5  and  13.6  MeV/nucleon  delivered  from  the  XTU 
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Tandem  in  Legnaro  and  the  SARA  facility  in  Grenoble  [9]).  The  corresponding  A  =  106 
compound  system  was  populated  at  excitation  energies  e  =  0.5  —  2.2  MeV/nucleon.  After 
combining  the  data  from  the  different  experiments,  a  transition  to  the  FG  value  was  de¬ 
tected  at  e  ~  2  MeV/nucleon,  an  excitation  energy  larger  than  that  in  the  A  ~  160  case,  as 
expected  from  theoretical  predictions  [10]. 

Some  experimental  information  is  also  available  in  case  of  lighter  nuclei.  The  32  S  +  27  A1 
reaction  has  been  extensively  investigated  in  the  past  at  the  XTU  Tandem  up  to  190  MeV 
bombarding  energy.  Light  particles  spectra  [1 1],  as  well  as  hard  7-ray  [12],  were  measured. 
Furthermore,  particle  spectra  emitted  in  the  decay  of  hot  40 Ca  nuclei  were  studied  at  the 
XTU  Tandem,  by  using  the  reaction  130  MeV  160+24Mg  [13]. 

Generally,  the  slopes  of  the  particle  spectra  in  light  systems  are  strongly  determined 
by  the  angular  momentum  dependence  of  the  phase  space  (i.e.  by  the  position  of  the 
yrast  line).  Up  to  now,  only  average  level  density  parameters  ( K )  have  been  derived  by 
comparing  the  experimental  spectra  with  those  predicted  by  statistical  model  calculations. 
In  all  cases,  a  rather  accurate  description  of  the  experimental  data  has  been  achieved  by 
using  the  parameter  ( K )  —  8  MeV. 


3.  Level  density  of  excited  nuclei  in  the  lead  region 

We  have  then  considered  the  nuclei  in  the  region  of  208 Pb,  where  the  shell  corrections  are 
very  large,  with  the  aim  of  experimentally  mapping  out  the  two  transitions  in  the  level 
density  parameter  as  a  function  of  the  excitation  energy:  the  disappearance  of  the  shell 
effects  and  then  the  transition  to  the  fermi-gas  model  value. 

As  a  part  of  this  investigation  we  have  studied  the  fusion  reactions  nB  +  198Pt-»209Bi* 
and  10 B  +  198Pt->208Bi*  at  bombarding  energies  F^beam  =  55  —  90  MeV.  The  experiment 
was  performed  at  the  XTU  Tandem  accelerator  in  Legnaro.  Low  energy  7-rays  were  de¬ 
tected  with  the  GASP  spectrometer  [14]  up-graded  with  two  large  BGO  crystals  (10  cm 
x  10  cm)  to  detect  high  energy  7-rays.  A  complete  description  of  the  operation  of  the 
large  BGO  detectors  in  coincidence  with  the  GASP  spectrometer  is  given  in  ref.  [15].  The 
charged  particles  detector  array  ISIS  (Italian  Silicon  Sphere)  was  used  [16],  up-graded  by 
some  CsI(Tl)  scintillators  to  stop  energetic  protons.  We  collect  200  x  106  events  in  the 
case  of  the  11 B  irradiation  at  75  MeV  for  coincidences  between  ISIS  and  GASP  (trigger 
conditions:  2  HPGe  and  3  inner  ball  elements).  The  corresponding  coincidences  between 
energetic  protons  hitting  the  CsI(Tl)  scintillators  were  in  this  case  only  2.6  x  106  events. 
The  statistics  collected  in  the  10B  irradiation  at  60  MeV  was  150  x  106  events  and  0.9  x  106 
events,  respectively. 

The  experiment  was  specifically  designed  to  track  down  the  disappearance  of  shell  ef¬ 
fects  in  the  nucleus  208  Pb  from  the  proton  evaporation  feeding  directly  the  excited  208 Pb  in 
the  first  step  of  the  deexcitation  cascade.  In  fact,  the  11 B  +  198Pt  reaction  at  75  MeV 
bombarding  energy  populates  the  209 Bi  compound  nucleus  at  an  excitation  energy  of 
Ex  —  68.1  MeV  when  a  complete  fusion  reaction  is  considered  [17].  In  this  case,  the 
average  angular  momentum  is  estimated  from  the  systematics  to  be  ( J)  ~  20 h.  The  bom¬ 
barding  energy  for  the  10 B  irradiation  was  selected  to  be  F?beam  =  60  MeV,  so  that  the 
208 Bi  compound  nucleus  is  populated  at  an  excitation  energy  of  Ex  —  58.1  MeV.  The  dif¬ 
ference  in  the  excitation  energies  obtained  with  the  two  beams  is  supposed  to  correspond 
to  the  emission  of  the  first  neutron  from  the  decay  of  the  209 Bi  CN.  The  proton  spectrum 
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Figure  1.  Relative  yield  distribution  of  the  Bi  isotopes  produced  in  the  nB-  and  iUB- 
induced  reactions. 
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measured  in  the  10  B  induced  reaction  accounts  for  the  emission  of  protons  in  the  deexci¬ 
tation  chain  of  the  209  Bi  compound  nucleus  when  the  particle  emitted  in  the  first  step  is  a 
neutron,  i.e.  for  protons  emitted  in  the  second  or  latest  steps  of  the  decay.  Consequently, 
the  difference  between  the  proton  spectra  obtained  in  the  two  reactions  is  due  only  to  the 
particles  which  populate  the  208 Pb  excited  nucleus  in  the  209 Bi  decay.  It  is,  however,  worth 
mentioning  that  the  average  angular  momentum  for  the  10 B  induced  reaction  is  estimated 
to  be  (J)  ~  15 h,  which  is  lower  than  the  one  associated  with  the  nB  beam.  The  mis¬ 
match  in  the  angular  momenta  distributions  between  the  two  reactions  cannot  be  avoided. 
However,  their  effect  on  the  proton  emission  can  be  disregarded,  as  predicted  by  statistical 
model  calculations. 

A  direct  test  of  the  assumptions  made  in  selecting  the  two  reactions  can  be  obtained  by 
looking  directly  to  the  distribution  of  the  Bi  evaporation  residue  in  the  xn  channels  which 
are  strongly  populated  in  the  two  reactions.  Results  are  reported  in  figure  1.  It  appears 
that  the  relative  yields  of  the  202 Bi  and  203 Bi  nuclei  are  the  same  in  the  two  reactions,  as 
expected.  A  difference  in  yield  is  evident  in  the  case  of  the  204Bi  nucleus  which  is  sensitive 
to  the  angular  momentum  mismatch  discussed  above. 

The  average  numbers  of  evaporated  neutrons  derived  from  the  residues  distribution  are 
vn  B  =  5.93  and  vn  B  =  5.03,  giving  a  difference  A vn  =  0.9,  very  close  to  the  expected 
difference  of  one  unit  between  the  two  reactions.  The  result  is  even  better  (z/lB  =  6.04  and 

^°B  =  5.06,  Ai/n=0.98)  if  the  data  relative  to  the  204Bi  and  205Bi  nuclei  are  excluded, 
that  is  equivalent  to  cut  the  higher  partial  waves  in  the  CN  decay  reducing  the  angular 
momentum  mismatch. 

The  energy  spectra  of  the  protons  in  coincidences  with  transitions  in  final  Pb  evaporation 
residues  are  reported  in  figure  2.  In  the  same  figures  it  is  reported  the  sum  spectrum 
obtained  by  using  as  weighting  factors  the  experimental  yield  derived  from  the  discrete 
7-ray  spectra. 

The  high  energy  tails  of  proton  spectra  in  coincidence  with  the  204Pb  nucleus  were 
fitted  with  Maxwellian  distributions  deriving  the  apparent  nuclear  temperatures  TapB  — 

1.24  ±  0.09  MeV  and  TapB  =  0.99  ±  0.09  MeV.  The  reported  uncertainties  take  also 


36 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


Heavy  ion  reactions 


10 


"Bon  ’**Pt  at  75  MeV 


o  Summed 
a  **Pb 
-  ^Pb 


10 

6  10 

6 

10 
V) 

-4—> 

c  10 

Z5 

o  L0 4 

o 

10 
10 
10 
1 


0 


T*«  1.24  ±0.09  MeV 


-cm 


20  30 

(MeV) 


10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
1 


10 


8 


lOr 


B  on  mPt  at  60  MeV 


40  o 


T  *  0.99  ±  0.09  MeV 


10  20  30  40 

(MeV) 


Figure  2.  Energy  spectra  of  the  protons  emitted  in  coincidence  with  the  different  Pb 
isotopes  in  the  reactions  induced  by  11 B  (left)  and  10B  (right).  Statistical  model  calcu¬ 
lations  are  also  shown  for  different  level  densities:  Reisdorf  (dashed  lines),  a  =  A/ 10 
MeV-1  (solid  line)  and  a  =  A/ 21  MeV-1  (dotted  line). 


into  account  the  small  dependences  of  the  best-fit  Tapp  parameter  on  the  assumed  average 
barrier  ( Bc  =  9.5  ±  0.5  MeV)  and  on  the  fitting  region.  The  multiplicity  of  the  decay 
channel  ending  in  the  204  Pb  nucleus  was  obtained  for  both  reactions  from  the  7  —  7  matrix, 
relative  to  the  sum  of  the  ER  yields  in  the  xn  channel  which  accounts  for  the  bulk  of  the 
fusion-evaporation  cross  section. 

Consequently,  the  temperature  associated  to  the  decay  from  the  209 Bi  initial  compound 
nucleus  to  the  208  Pb  in  the  first  step  of  the  p4n  deexcitation  chain  is  obtained  from  the 
measured  apparent  temperatures  and  relative  multiplicities  as 

T(208Pb)  =  (MUb  x  t“b  -  M10b  x  T^°pB)/(MllB  -  M10b)  =  1.63  ±  0.28  MeV. 

This  temperature  is  associated  to  a  thermal  excitation  energy  Et h  in  the  daughter  208  Pb 
nucleus  Et h  =  E*09 Bi  -  El $Pb  -  Sp  -  E?in  =49.5  MeV. 

It  is  possible  to  compare  the  result  obtained  in  the  present  work  with  predictions  from 
the  excitation  energy  dependent  parameterization  of  the  level  density  given  by  Reisdorf 
[18]  and  with  the  two  limiting  values  corresponding  to  a  cold  *nucleus  where  the  shell 
corrections  dominate  and  to  an  highly  excited  nucleus  where  such  corrections  disap¬ 
peared.  The  comparison,  presented  in  figure  3,  shows  that  at  the  excitation  energy  of 
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Figure  3.  Comparison  between  the  temperature  value  determined  in  this  work  and 
predictions  from  different  level  density  prescriptions. 

Eth  ~  50  MeV  in  the  208  Pb  nucleus  the  nuclear  temperature  is  very  far  from  the  value 
associated  to  the  level  density  parameter  a  ~  A/ 21  MeV-1,  which  characterizes  the  cold 
nucleus.  On  the  contrary,  the  experimental  nuclear  temperature  is  in  agreement  with  the 
values  associated  to  the  Reisdorf  parameterization  and  to  the  asymptotic  value  a  ~  A/ 10 
MeV-1.  The  result  reported  in  figure  3  is  in  agreement  with  the  findings  of  a  recent  work 
on  the  reactions  207,208 Pb(n,  xn 7)  for  neutron  energies  from  3  to  200  MeV  [19]. 

We  note  that,  despite  in  the  Reisdorf  approach  the  level  density  parameter  is  not  yet  in  its 
asymptotic  value,  there  is  a  rather  reduced  difference  between  the  temperatures  associated 
with  the  excitation  dependent  level  density  parameter  a  =  a(U)  and  the  asymptotic  value 
at  high  excitation.  The  uncertainty  of  our  temperature  measurement  does  not  allow  to 
distinguish  between  the  two  temperature  predictions. 

To  further  test  the  level  density  of  the  nuclei  around  208  Pb  we  have  also  compared  the 
experimental  data  with  the  predictions  from  complete  statistical  model  calculations.  Since 
the  deexcitation  chains  involve  several  nuclei,  the  model  calculations  cannot  be  used  to 
study  specifically  the  level  density  in  a  given  nucleus.  The  comparison  between  model 
predictions  and  experimental  data  offer,  however,  the  opportunity  of  testing  in  a  global 
way  the  level  density  in  the  mass  region  around  the  208 Pb  as  defined  by  the  limiting  values 
a  ~  .4/10  MeV-1  or  a  ~  A/ 21  MeV-1  or  as  parameterized  as  a  function  of  the  excitation 
energy  and  of  the  shell  corrections  by  Reisdorf. 
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Figure  4.  Comparison  between  the  measured  neutron  multiplicities  and  the  predictions 
from  statistical  model  calculations  using  different  level  density  parameters. 


To  this  end  the  CASCADE  code  was  used,  using  either  the  constant  level  density  para¬ 
meter  a  —  A/ K  or  the  Reisdorf  parameterization.  We  first  compare  in  figure  4  the  average 
neutron  multiplicity  vn  as  derived  from  the  distribution  of  the  Bi  isotopes  produced  in 
the  xn  decay  with  the  SM  predictions.  It  appears  that  the  calculations  employing  the 
Reisdorf  parameterization  give  a  very  precise  account  of  the  experimental  vn  in  the  range 
of  bombarding  energies  explored  in  this  work.  The  good  reproduction  of  vn  reflects  the 
capability  of  the  model  of  predicting  well  the  relative  distribution  of  the  Bi  isotopes  at  all 
bombarding  energies. 

The  same  good  descriptions  were  also  obtained  by  looking  at  the  experimental  vn  in  co¬ 
incidence  with  one  proton,  i.e.  associated  to  the  Pb  isotope  distributions.  Because  neutrons 
are  certainly  emitted  all  the  way  down  during  the  decay,  they  are  sampling  also  the  level 
density  of  the  more  neutron  deficient,  cold  Bi  (or  Pb)  isotopes.  Those  nuclei  are  supposed 
to  be  characterized  by  shell  effects  which  are  lower  than  those  in  the  208 Pb  nuclei. 

In  figure  4  the  experimental  data  is  also  compared  with  the  predictions  from  calculations 
employing  a  constant  level  density  parameter  a  —  A/K  using  the  extreme  values  of  K  — 
10  and  21  MeV.  It  is  well  known  that  the  average  kinetic  energy  of  the  evaporated  neutrons 
increases  by  increasing  the  K  value  and  therefore  the  predicted  average  number  of  the 
neutrons  is  lower,  when  the  K  =  21  MeV  value  is  used.  The  relevant  fact  in  figure  4  is  that 
the  calculations  employing  the  constant  level  density  parameter  K  —  10  also  reproduce 
well  the  experimental  vn. 

To  understand  the  low  sensitivity  of  the  statistical  model  calculations  to  the  details  of 
the  level  density,  we  have  computed  the  average  temperature  T  associated  to  each  neutron 
emission  in  the  75  MeV  nB+198Pt  reaction  when  the  two  parameterizations  of  the  level 
density  are  considered.  It  is  found  that  the  difference  of  the  temperature  estimates  (and 
then  the  difference  in  the  average  kinetic  energy  of  the  neutrons)  is  generally  very  small, 
with  the  exception  of  last  neutron  which  is  emitted  in  the  region  of  low  excitation  energy 
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where  the  effects  due  to  the  shell  corrections  are  magnified. 

Equivalent  results  are  obtained  by  comparing  the  experimental  ‘summed’  proton  spectra 
with  the  predictions  from  statistical  model  calculations,  as  shown  in  figure  2.  The  calcu¬ 
lated  spectra  using  the  Reisdorf  parameterization  as  well  as  the  constant  value  a  =  A/ 10 
MeV-1  fit  well  the  experimental  spectra.  On  the  contrary  the  level  density  parameter 
a  —  A/ 21  MeV-1  predicts  unrealistic  shapes  for  the  proton  spectra.  We  note  that,  fol¬ 
lowing  the  statistical  model  predictions,  the  ‘summed’  proton  spectra  contain  in  large  part 
particles  which  are  emitted  at  the  higher  excitation  energies,  being  therefore  far  from  the 
region  where  shell  effects  dominate. 

High  energy  7-rays  have  been  measured  in  the  present  experiment  at  all  bombarding 
energies  in  both  UB-  and  10B  induced  reactions  by  using  the  two,  large  volume  BGO  de¬ 
tectors.  The  high  energy  gamma-rays  are  in  this  case  of  special  interest.  In  fact  it  is  well 
known  [20]  that  the  statistical  tail  at  Ey  <  8  MeV,  is  sensitive  to  the  level  density  of  the 
nuclei  in  the  latest  steps  of  the  decay  cascade,  for  which  we  expect  a  very  large  influence 
of  the  shell  corrections.  It  is  therefore  expected  that  the  ratio  between  the  statistical  tail 
(E^y  <  8  MeV)  and  the  giant  dipole  resonance  region  ( E1  >  8  MeV)  should  be  a  sensi¬ 
tive  probe  for  the  level  density  parameterization  used  in  the  statistical  model  calculations. 
Furthermore,  high  energy  gamma-ray  spectra  emitted  in  the  decay  of  the  neutron  deficient 
200Pb  compound  nucleus  have  been  extensively  studied  in  the  past  giving  the  opportunity 
of  comparing  two  systems  (200Pb  and  209 Bi)  quite  different  from  the  point  of  view  of  the 
shell  corrections. 


Figure  5.  High  energy  7-ray  spectra  measured  in  the  present  work. 
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In  figure  5  spectra  are  reported  from  the  two  reactions  19F+181Ta  at  100  MeV  and 
nB+198Pt  at  75  MeV,  which  are  populating  compound  nuclei  at  a  rather  equivalent  ex¬ 
citation  energy.  The  high  energy  spectrum  from  the  first  reaction  is  rather  well  accounted 
for  by  using  constant  parameter  a  —  A/ 8  MeV-1  as  well  as  the  Reisdorf  level  density 
parameters  and  published  GDR  parameters  [21].  Results  are  different  when  the  nB+198Pt 
is  considered.  In  this  case  the  description  of  the  experimental  spectra  is  rather  poor  and  the 
deviations  between  experiment  and  model  predictions  increases  by  decreasing  the  bom¬ 
barding  energy.  This  means  that  the  statistical  model  fails  in  giving  a  sufficiently  good 
description  of  the  phase  space  at  low  excitation  energies  even  if  the  more  detailed  parame¬ 
terization  of  the  level  densities  available  is  used. 


4.  Conclusions 

The  study  of  the  excitation  energy  dependence  of  the  level  density  is  a  topic  of  continuous 
interest  in  nuclear  physics. 

Transition  from  the  low  energy  level  density  parameter  aeff  =  A/8  MeV-1  towards 
the  FG  value  a  —  A/ 15  MeV-1  have  been  evidenced  in  different  mass  regions  ( A  ~ 
110,160). 

In  the  mass  region  A  ~  200  we  are  presently  investigating  the  diminishing  of  the  ef¬ 
fects  due  to  the  shell  structure  in  increasing  the  excitation  energy.  Experimental  results 
about  50  MeV  excitation  energy  in  the  208 Pb  confirm  that  the  bulk  of  the  shell  effects  are 
already  washed  out.  Nevertheless,  the  level  density  parameter  seems  still  far  from  its  pre¬ 
dicted  asymptotic  value.  High  energy  7-rays  seems  to  be  a  very  important  tool  to  study  the 
level  density  at  excitation  energies  of  few  tens  of  MeV.  Furthermore  we  would  also  like  to 
explore,  increasing  the  bombarding  energy,  the  second  transition  from  the  asymptotic  aver¬ 
age  level  density  parameter  towards  the  FG  value,  as  suggested  from  earlier  investigations 
[22,23].  In  this  attempt  extreme  care  has  to  be  taken  due  to  the  onset  of  the  incomplete 
fusion  already  below  10  MeV/nucleon  bombarding  energy,  as  already  reported  from  7-ray 
particle  correlation  studies. 

Further  experimental  work  aimed  to  extend  the  present  knowledge  of  the  level  density, 
should  carefully  solve  the  problem  of  determining  the  probe  and/or  the  experimental  tech¬ 
nique  most  suitable  for  measuring  the  nuclear  temperature  and  the  excitation  energy  in  hot 
nuclear  systems. 
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Abstract.  With  the  advent  of  medium  and  large  gamma  detector  arrays,  it  is  now  possible  to  look 
at  nuclear  structure  at  high  rotational  forces.  The  role  of  pairing  correlations  and  their  eventual 
breakdown,  along  with  the  shell  effects  have  showed  us  the  interesting  physics  for  nuclei  at  high 
spins  -  superdeformation,  shape  co-existence,  yrast  traps,  alignments  and  their  dramatic  effects  on 
nuclear  structure  and  so  on.  Nuclear  structure  studies  have  recently  become  even  more  exciting, 
due  to  efforts  and  possibilities  to  reach  nuclei  far  off  from  the  stability  valley.  Coupling  of  gamma 
ray  arrays  with  ‘filters’,  like  neutron  wall,  charged  particle  detector  array,  gamma  ray  total  energy 
and  multiplicity  castles,  conversion  electron  spectrometers  etc  gives  a  great  handle  to  study  nuclei 
produced  online  with  ‘low’  cross-sections.  Recently  we  studied,  nuclei  in  mass  region  80  using  an 
array  of  8  germanium  detectors  in  conjunction  with  the  recoil  mass  analyser,  HIRA  at  the  Nuclear 
Science  Centre  and,  most  unexpectedly  came  across  the  phenomenon  of  identical  bands,  with  two 
quasi-particle  difference.  The  discovery  of  magnetic  rotation  is  another  highlight.  Our  study  of  light 
In  nucleus,  107In  brought  us  face  to  face  with  the  ‘dipole’  bands.  I  plan  to  discuss  some  of  these 
aspects.  There  is  also  an  immensely  important  development  —  that  of  the  ‘radioactive  ion  beams’. 
The  availability  of  RIB,  will  probably  very  dramatically  influence  our  ‘conventional’  concept  of 
nuclear  structure.  The  exotic  shapes  of  these  exotic  nuclei  and  some  of  their  expected  properties  will 
also  be  touched  upon. 

Keywords.  Nuclear  structure;  high  spin  spectroscopy;  gamma  detector  arrays. 
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Institut  fiir  Kernphysik,  Universitat  zu  Koln,  Ziilpicher  Str.  77,  50937  Koln,  Germany 

Abstract.  In  the  present  talk  I  will  discuss  some  ‘rare’  aspects  of  the  E 2  band  structures  and 
the  novel  features  concerning  the  dipole  bands  in  this  mass  region.  Reliable  and  accurate  lifetimes 
have  been  measured  using  coincidence  recoil  distance  method.  The  results  of  izy>13UBa  will  be 
discussed.  In  contrast  to  the  predictions  of  the  tilted  axis  cranking  model,  the  dipole  bands  in  Sb- 
Xe-Ba  nuclei  can  be  nicely  described  as  high-iT  prolate  bands.  New  data  from  multi-detector  arrays 
has  established  extended  bands  structure,  their  decay  to  low  lying  states  have  been  established  and 
the  angular  correlation  supports  the  predominant,  A I  =  1  character.  Finally  the  sensitive  measures, 
i.e.  B(M  1)  rates  of  the  tilted  axis  model  are  compared  with  the  high -K  formula  based  on  1-dim 
cranking  model. 

Keywords.  Nuclear  structure;  recoil  distance  method;  cranking  model. 
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Fusion-fission  dynamics  in  the  superheavy  nucleus 
production 
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Abstract.  The  fusion-fission  reaction  mechanism  leading  to  the  massive  nucleus  formation  is  stud¬ 
ied.  We  investigate  the  superheavy  nucleus  formation  in  heavy-ion  induced  reactions  by  analysing 
the  evaporation  residue  (ER)  production  in  order  to  study  the  fusion  dynamics  and  the  decay  proper¬ 
ties  of  nuclei  close  to  the  stability  island*  at  Z  —  114.  We  consider  the  64Ni  +  208 Pb,  48Ca  +  238U 
and  48Ca  +  244 Pu  reactions  that  lead  to  the  Z  =  110, 112  and  1 14  superheavy  elements  respectively. 

By  using  the  dinuclear  system  (DNS)  concept  of  the  two  interacting  nuclei  we  calculate  the 
quasifission-fusion  competition  in  the  entrance  channel  and  the  fission-evaporation  competition 
along  the  de-excitation  cascade  of  the  compound  nucleus.  The  dynamics  of  the  entrance  channel 
allows  us  to  determine  the  beam  energy  window  which  is  favorable  to  the  fusion,  while  the  dynamic 
evolution  of  the  compound  nucleus  on  the  shell  correction  to  the  fission  barrier  and  the  dissipative 
effects  influence  the  fission-evaporation  competition  in  order  to  obtain  the  residue  nuclei  from  the 
superheavy  nucleus  formation.  We  also  calculate  the  Tn/Ttot  ratio  at  each  step  of  the  de-excitation 
cascade  of  the  compound  nucleus  and  we  present  a  systematics  of  rn/rtot  (at  first  step  of  the  cas¬ 
cade)  for  many  reactions  that  lead  to  nuclei  with  Z  =  102-114. 

Keywords.  Quasifission;  fusion;  fission;  evaporation  residues;  superheavy  elements. 

PACS  Nos  25.70.-z;  25.70. Jj;  27.90.+b 


1.  Introduction 

The  synthesis  of  superheavy  nuclei  is  an  interesting  and  present  research  field  [1-6]  but  the 
cross  section  for  the  formation  of  heavy  elements  by  fusion  reaction  (using  Pb,  U  and  Pu 
targets)  decreases  down  to  a  very  low  value  that  the  evaporation  residue  (ER)  production 
is  about  few  pb  or  lower.  According  to  the  dinuclear  system  (DNS)-concept  the  fusion  of 
nuclei  is  considered  as  a  two  stage  process:  the  first  stage  is  the  capture  (the  formation  of 
the  DNS  after  dissipation  of  some  part  of  the  relative  kinetic  energy  and  orbital  angular 
momentum);  the  second  stage  is  the  fusion  (the  transformation  of  the  dinuclear  system 
in  the  compound  nucleus  by  a  continuous  multinucleon  transfer  from  a  light  nucleus  to 
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a  heavy  one  retaining  the  individuality  of  nuclei  having  a  shell  structure).  In  this  second 
stage,  fusion  is  in  competition  with  quasifission  which  is  the  decay  of  the  dinuclear  system 
in  two  fragments  before  the  formation  of  the  compound  nucleus.  Thus,  fusion  is  treated 
as  a  motion  in  the  charge  (mass)  asymmetry  variable,  and  capture  and  quasifission  are  a 
consequence  of  the  relative  motion  of  nuclei  in  DNS.  The  energy  window  for  the  cap¬ 
ture  was  revealed.  If  there  is  no  capture,  nuclei  cannot  be  fused  due  to  the  smallness  of 
the  interaction  time  and  the  excitation  energy  generated  from  the  relative  kinetic  energy. 
Therefore,  the  used  model  [7]  is  required  to  analyse  the  fusion  of  light  nuclei  at  high  en¬ 
ergies  and  the  fusion  of  massive  nuclei  at  all  collision  energies  where  quasifission  plays  a 
decisive  role  in  decreasing  the  fusion  cross  section  [8,9].  As  a  result  of  the  calculation  we 
find  that:  (i)  a  number  of  partial  waves  with  angular  momentum  lead  to  capture  (i.e.,  those 
partial  waves  which  have  been  trapped  in  a  potential  minimum  of  the  entrance  channel; 
the  critical  value  of  angular  momentum  lCT  for  a  given  collision  energy  can  be  calculated 
dynamically);  (ii)  an  amount  of  the  excitation  energy  is  available  before  the  complete  fu¬ 
sion  at  given  collision  energy  and  impact  parameter  or  orbital  angular  momentum;  (iii)  a 
beam  energy  window  is  favorable  to  the  fusion:  the  low  limit  (Em-m)  of  this  window  is 
defined  by  the  dynamical  barrier  in  the  entrance  channel  before  the  capture.  The  upper 
limit  (-E'rnax)  appears  because  friction  forces  cannot  provide  an  intense  loss  of  the  initial 
kinetic  energy  in  order  to  trap  the  dinuclear  system  into  a  pocket. 

After  fusion,  the  de-excitation  cascade  of  the  compound  nucleus  was  analysed  in  detail 
in  the  framework  of  the  advanced  statistical  model  (ASM)  approximation  [10].  With  this 
model  it  is  possible  to  trace  the  rn/rtot  values  at  each  step  of  the  de-excitation  cascade 
and  to  have  information  on  the  consequences  for  the  fission  process  dynamics.  The  model 
allows  us  to  consider  the  influence  of  the  nuclear  viscosity  and  the  dynamical  dependence 
of  the  shell  correction  to  the  fission  barrier  on  the  calculated  ER  cross  sections. 


2.  General  remarks  on  the  formalism 

We  study  the  precompound  nucleus  dynamics  through  the  evolution  of  DNS  (after  capture) 
to  complete  fusion  (that  is  in  competition  with  the  quasifission  process).  The  excited  com¬ 
pound  nucleus  can  undergo  fission  or  emit  particles  before  detecting  the  reaction  products 
(evaporation  residues,  or  fission  fragments,  or  light  particles). 

In  the  suggested  model  [7],  the  relevant  variables  are  energies  and  occupation  numbers 
of  single-particle  states  of  nucleons  in  nuclei  (the  intrinsic  degrees  of  freedom)  and  relative 
motion  of  nuclei  at  the  first-capture  stage,  and  the  mass  (charge)  asymmetry  degrees  of 
freedom  at  the  second  stage  of  fusion.  The  competition  between  complete  fusion  and 
quasifission  of  the  dinuclear  system  formed  after  capture  as  its  further  evolution  is  taken 
into  account  by  the  statistical  theory  of  level  densities  on  the  intrinsic  fusion  barrier  which 
is  on  the  charge  asymmetry  axis  and  quasifission  barrier  which  is  on  the  relative  distance 
axis  as  in  [11].  In  contrast  to  [11],  the  capture  probability  Tzcapture(i2,  l)  is  estimated  in  a 
dynamic  approach,  considering  the  evolution  of  the  coupling  between  the  relative  motion 
of  nuclei  and  intrinsic  motion  of  their  nucleons.  In  the  capture  stage  the  system  is  trapped 
in  a  potential  wall  due  to  the  dissipation  of  the  initial  kinetic  energy.  The  formed  DNS  lives 
long  enough  (several  10~21  s)  to  evolute  from  the  projectile-and  target-like  configuration 
to  become  mononucleus  (compound  nucleus).  This  evolution  corresponds  to  the  motion 
on  the  mass  (charge)  asymmetry  axis. 
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The  evaporation  residue  cross  section  is  related  to  the  partial  fusion  cross  section 
aius(Efi),  as  well  as  to  the  probability  Wsur(E,l)  that  the  compound  nucleus  survives 
fission  during  the  de-excitation  cascade  at  the  bombarding  energy  E\ 

oo 

<7er(£)  =  J2^rP(E)pON(E,l)WSUT(E,l),  (1) 

1=0 

where  the  partial  fusion  cross  section  is  ajus  =  ac*p  (E)Pcn (E,  l)  and  the  partial  capture 
cross  section  is  a™p{E)  =  A2/4tt(2/  +  l)T™pture(E,  l).  The  factor  PCn{E ,  /)  is  used  to 
take  into  account  the  decrease  of  the  fusion  probability  due  to  dinuclear  system  break-up 
competing  with  fusion.  At  first  this  factor  was  determined  in  [11]. 

The  calculation  of  competition  between  fusion  and  quasifission  processes  can  be  made 
according  to  principles  of  the  statistical  theory  by  comparing  the  level  density  at  the  top 
point  (after  which  the  dinuclear  system  goes  to  the  fusion  through  smaller  mass  asymmetry 
values)  of  the  U(Z,  A ;  /,  Rm)  driving  potential  (see  figure  1)  with  the  level  density  at  the 
bottom  of  the  exit  barrier  pocket  in  the  V(Z,  A]  /,  R)  internuclear  potential  (see  figure  2). 
The  driving  potential,  playing  the  main  role  in  fusion  dynamics,  was  calculated  as  follows: 

U (Z,  A;  /,  Rm)  —  ( Z ]  A)  +  T?2 {.Zip  +  Zt  —  Z\Ap  +  At  —  A) 

+V (Z,  A;  l,Rm)  —  Bq,  (2) 


Figure  1.  The  driving  potential  (dashed  curves)  of  compound  nucleus  Ba  calculated 
for  different  values  of  angular  momentum:  l  =  0  (a),  l  =  20k  (b),  and  l  =  30 h  (c). 
The  different  values  of  the  entrance  mass  asymmetry  are  shown  by  arrows  {Z\  =  9  and 
14).  and  are  intrinsic  barriers  in  the  way  to  fusion  for  the  19F  +  107Ag  and 
28 Si  +  98 Mo  reactions,  respectively. 
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R  (fm) 


Figure  2.  The  nucleus-nucleus  potential  U(R)  calculated  for  the  28Si  +  98Mo  (solid 
curve)  and  19F  +  107Ag  (dashed  curve)  reactions  as  a  function  of  internuclear  distance. 
For  an  easier  comparison  of  two  pockets  (in  width  and  depth)  the  dashed  curve  is  shifted 
(dotted  curve)  up  to  overlapping  with  the  solid  curve.  and  are  quasifission 
barriers  for  the  corresponding  reactions. 

where  B\  and  B2  are  the  binding  energies  of  the  nuclei  in  a  dinuclear  system,  V (Rm)  — 
V(Z,  A,  Rm)  is  the  minimum  value  of  the  nucleus-nucleus  interaction  potential  at  the 
bottom  of  the  pocket;  B0  is  the  binding  energy  of  the  compound  nucleus.  For  the  given 
total  charge  and  mass  numbers,  Zto t  =  Z\  +  Z2  and  Atot  =  -Ai  +  ^2,  the  A/Z  ratio  of 
the  considered  fragment  was  determined  from  the  minimum  value  of  U(Z,  A;  /,  Rm). 

The  jjcap ture(E,  l)  factor  is  connected  with  the  relative  kinetic  energy  and  angular  mo¬ 
mentum  losses  which  were  determined  from  the  equations  of  motion 

mrw)r + iRimm)  =  -  1 ,  o) 

^  =  7e[R«]  (^e2ff  -  Ries  -  0A) ,  (4) 

where  R (t)  is  the  relative  motion  coordinate,  R(f)  is  the  corresponding  velocity;  6, 6\  and 
62  are  angular  velocities  of  the  dinuclear  system  and  its  two  fragments,  respectively,  while 
Ri  and  R2  are  the  fragment  radii.  The  7#  and  7 q  friction  coefficients,  a  ehange  of  the 

/V 

nucleus-nucleus  potential  during  interaction  of  nuclei,  V[R(£)]  =  Vft[R(£)]  4-  SV (R),  and 
the  dynamic  contribution  5fi( R)  to  the  reduced  mass  fi( R)  =  mArAp / (At  +  Ap)  + 
8fi( R)  are  calculated  from  the  estimation  of  the  coupling  term  between  the  relative  motion 
of  nuclei  and  intrinsic  excitation  of  nucleons  in  them  [12]. 

The  dynamics  of  the  capture  is  sensitive  to  the  nucleus-nucleus  potential 

^0  (R)  =  (R)  +  Kuci  (R)  +  yrot  (R) ,  (5) 

where  Vc(R),  Kuci(R)»  and  Kot  (R)  are  the  Coulomb,  nuclear  and  rotational  potentials, 
respectively.  The  nuclear  shape  is  important  to  calculate  the  Coulomb  and  nuclear  interac¬ 
tion  between  colliding  nuclei. 

By  our  AMS  it  was  possible  to  take  into  account  the  dynamical  aspect  of  the  compound 
nucleus  evolution  on  the  fission-evaporation  competition  along  the  de-excitation  cascade. 
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As  far  as  the  fission  barriers  are  concerned,  we  use  the  rotating  droplet  model  predic¬ 
tions  (angular  momentum  dependent)  as  parameterized  by  Sierk  [13]  and  allow  for  angular 
momentum  and  temperature  fade-out  of  the  shell  corrections  [14].  It  is  expressed  by  the 
formula  for  the  actual  fission  barrier  used  in  our  calculations: 

Bf(J,T)  =  cB™(J)  -  f(T)g(J)SW ,  (6) 

with 


f  1  T  <  1.65  MeV 

(  kexp(-mT)  T  >  1.65  MeV 


|l +  exp[(J  -  J1/2)/AJ]|  , 

where  B™(J)  is  the  parameterized  macroscopic  fission  barrier  [13]  depending  on  J  angu¬ 
lar  momentum,  5W  —  5WSad  —  3Wgs  ~  —  5Wgs  is  the  microscopic  (shell)  correction  to 
the  fission  barrier  taken  from  the  tables  [15]  and  the  constants  for  the  macroscopic  fission 
barrier  scaling,  temperature  and  angular  momentum  dependencies  of  the  microscopic  cor¬ 
rection  are  chosen  to  be  as  follows:  c—  1.0,  k  =  5.809,  m  —  1.066  MeV-1,  Ji/2  =  24ft 
(for  nuclei  with  an  A  mass  number  of  about  210)  and  A  J  —  3 ft.  These  constants  were 
obtained  as  the  result  of  analysis  of  a  large  set  of  the  data  on  the  fissility  of  nuclei  in  the  Lu- 
At  range  obtained  in  the  reactions  induced  by  light  (p,  t  and  a)  and  heavy  (12C  and  lsO) 
projectiles  [14].  This  makes  our  shell  corrections  become  dynamical  quantities  too.  The 
J1/2  parameter  slowly  decreases  increasing  the  A  mass  number.  For  nuclei  with  A  >  250 
we  use  J1/2  =  20 ft. 

The  systematics  obtained  by  Bhattacharya  et  al  [16]  gives  the  possibility  of  taking  into 
account  the  incident  energy  per  nucleon  e  and  compound  nucleus  mass  Acn  dependen¬ 
cies  of  the  reduced  dissipation  coefficient  (3  (the  ratio  between  the  7  friction  coefficient 
describing  the  coupling  to  the  fission  degree  of  freedom  and  the  m  reduced  mass  of  the 
system. 

We  use  the  same  set  of  parameters  for  all  superheavy  nuclei  and  there  are  no  free  param¬ 
eters  in  our  calculations.  By  this  model  it  is  possible  to  trace  the  rn/rtot  values  at  each 
step  of  the  de-excitation  cascade. 


f(T)  = 

9(J)  = 


3.  Results  and  discussion 

We  present  the  results  of  the  investigation  on  massive  systems  that  lead  to  the  formation  of 
the  Z  —  110, 112  and  1 14  superheavy  elements,  and  we  compare  our  calculation  with  the 
available  experimental  data. 

Figure  3  shows  the  fusion  cross  section  (full  line)  for  the  64  Ni  +  208 Pb  reaction  that 
forms  the  272 1 10  excited  compound  nucleus  by  a  coldfusion  reaction.  In  the  same  figure 
we  report  the  quasifission  contribution  (dotted-dashed  line),  the  evaporation  residue  cross- 
section  (dashed  line)  after  1  neutron  emission  from  the  excited  compound  nucleus,  and  the 
fission  barrier  (dotted  line).  In  this  figure  we  also  report  the  experimental  data  of  the 
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Figure  4.  Fusion  cross  section  for  reaction  48Ca  +  238U 
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evaporation  residues  [1].  We  can  observe  the  full  agreement  between  experimental  data 
and  calculation.  It  is  possible  to  analyse  the  ratio  (10_7-2  x  10~4)  between  the  complete 
fusion  and  quasifission,  and  the  ratio  (2  x  10~3-10~5)  between  the  evaporation  residue 
production  and  fusion.  At  low  beam  energies  (lower  than  307  MeV)  the  ER  cross  section  is 
limited  by  the  low  value  of  the  fusion  formation.  At  high  beam  energies  (higher  than  313 
MeV)  the  ER  production  decreases  because  the  fission  process  strongly  increases.  This 
last  effect  is  related  to  the  fade-out  of  the  fission  barrier,  due  to  the  damping  of  the  shell 
correction. 

Figure  4  shows  the  results  obtained  for  the  48 Ca  +  238 U  reaction  that  lead  to  the  286  1  12 
excited  compound  nucleus.  From  this  figure  one  can  observe  the  beam  energy  window 
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(-E'beam  —  218-262  MeV,  corresponding  to  about  E*  =  21-58  MeV)  that  allows  for  the 
complete  fusion  formation  (>  1  nb).  In  this  energy  interval  and  for  the  above-mentioned 
hot  fusion  reaction ,  the  ratio  between  fusion  and  quasifission  is  about  10'  8-2  x  10  4  and 
the  ratio  between  the  ER  cross  section  and  complete  fusion  is  about  10-4-5  x  10~8.  At 
lower  beam  energies  the  ER  production  is  limited  by  the  fusion  formation,  at  higher  beam 
energies  the  ER  cross  section  is  limited  by  both  the  low  fusion  formation  and  the  fade-out 
of  the  fission  barrier  <  0.12  MeV)  that  strongly  increases  the  fission  process. 

In  figure  5  we  report  the  excitation  functions  for  the  48Ca  (238U,  xn)  286-xni\2  reac¬ 
tion  after  the  x  (x  =  2, 3, 4)  neutron  emission  from  the  excited  compound  nucleus.  In  this 
figure  we  also  report  the  experimental  ER  cross  section  [17]  obtained  by  the  286“3nii2 
(triangle)  spontaneous  fission  events.  For  the  286~4nH2  residual  nucleus  (diamond)  the 
experimental  estimation  of  the  upper  limit  is  reported.  The  agreement  between  the  cal¬ 
culation  and  experimental  data  is  very  good,  even  if  until  now  only  partial  experimental 
measurements  are  known.  Dotted  line  is  the  fission  barrier  for  the  compound  nucleus  (see 
figures  4  and  5). 

In  figure  4  the  experimental  data  of  capture  cross  section  [17]  (full  squares)  and  [18] 
(open  squares),  the  symmetric  fragment  cross  section  [17]  (full  circles),  the  ER  production 
[17]  after  3n  (triangle)  and  4 n  (diamond)  emission  and  the  fusion-fission  production  [18] 
(open  circles)  for  the  reaction  induced  by  48Ca  (where  an  intrinsic  fusion  farrier  Bf  ~  13.5 
MeV  exists)  are  also  reported.  In  the  same  figure  we  report,  for  comparison,  our  capture 
cross  section  calculation  (dashed-dotted  line),  fusion  cross  section  (full  line)  and  the  total 
ER  production  (dashed  line)  after  2,  3  and  4  neutron  emission  from  the  excited  286 1  12 
compound  nucleus.  As  one  can  see,  the  capture  cross  section  calculation  and  the  total  ER 
calculation  are  in  agreement  with  the  experimental  data  of  [17, 18],  whereas  the  fusion  cross 
section  calculation  is  lower  than  the  symmetric  fragment  production  [17]  and  the  fusion 
cross  section  [18]  extracted  from  the  experimental  fragment  production.  Therefore,  the 
fragment  production  should  be  mainly  contributed  from  the  quasifission  process,  whereas 
the  fission  products  after  fusion  at  the  various  beam  energies  can  reach  the  fusion  cross 
section  value.  In  fact,  for  the  beam  energy  range  corresponding  to  the  experimental  data  of 
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ER,  the  ratio  between  our  ER  calculation  and  the  fusion  cross  section  calculation  is  about 
10~5-10~6,  whereas  the  ratio  between  the  experimental  ER  production  and  the  experi¬ 
mental  symmetric  fragment  production  is  about  5  x  10~8-5  x  10-9  (corresponding  to  a 
very  small  ER  value,  considering  that  the  Bf[S  fission  barrier  is  about  1  MeV). 

From  these  considerations  it  is  possible  to  affirm  that  by  coldfusion  reactions  it  is  very 
difficult  to  synthesize  superheavy  elements  (and  to  observe  the  evaporation  residue  prod¬ 
ucts)  because  the  E^NS  excitation  energy  of  the  dinuclear  system  (after  capture)  is  gener¬ 
ally  lower  than  (or  close  to)  the  Bf  intrinsic  fusion  barrier,  whereas  by  hot  fusion  reactions 
the  E^ns  energy  is  higher  than  Bf . 

In  figure  6  we  report  the  calculation  for  the  48 Ca  +  244  Pu  reaction  that  lead  to  the  292  1  14 
compound  nucleus  at  beam  energies  of  228-255  MeV,  corresponding  to  excitation  energies 
lower  than  52  MeV  and  the  287-290H4  residue  nucleus  production.  Full  line  represents 
the  fusion  cross  section,  dashed-dotted  line  is  the  quasifission  contribution,  dashed  line  is 
the  total  ER  production  after  x  neutron  emission.  Dotted  line  represents  the  fission  barrier 
against  the  excitation  energy  of  the  compound  nucleus.  In  figure  7  we  report  the  excitation 
functions  for  the  48Ca  (244Pu,  xn )  292~xni44  reaction  after  the  x  (x  =  2,3,4  and  5) 
neutron  emission  from  the  compound  nucleus.  The  ER  to  fusion  ratio  is  included  in  the 
10~2-10“8  range  while  the  fusion  to  quasifission  ratio  changes  between  10~4-10~7  in  the 
considered  energy  range. 

In  figure  8  we  present  the  systematics  of  the  rn/rtot  ratio,  at  first  step  of  the  de¬ 
excitation  cascade  of  the  compound  nucleus,  for  reactions  that  lead  to  heavy  and  super¬ 
heavy  nuclei  with  Z  —  102-114.  This  figure  shows  the  trend  of  the  rn/rtot  ratio  against 
E* /Bf\s  for  many  reactions  at  different  energies.  As  one  can  see  the  rn/Ttot  ratio  is 
strongly  correlated  (within  a  factor  2)  to  the  E* /Bf\s  ratio.  It  is  to  be  noted  that  the  emis¬ 
sion  of  the  gamma  rays,  neutrons,  protons  and  alpha  particles  is  not  considered  in  the 
present  model.  This  effect  (that  will  be  the  subject  of  a  future  work)  can  be  relevant  at 
higher  energies,  and  can  significantly  change  the  rn/rtot  trend  at  higher  E* / Bfis  val¬ 
ues.  Therefore,  the  trend  of  the  ER  production  versus  the  excitation  energy  (in  comparison 
with  the  effective  fission  barrier)  has  the  same  behaviour  for  all  investigated  reactions. 
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Figure  8.  Systematics  of  the  rn/rtot  ratio  for  the  reaction  leading  to  heavy  nuclei  with 
Z  =  102-114. 


This  means  that  the  ratio  between  the  ER  production  and  fusion  cross  section  is  mainly 
related  (for  all  reactions)  to  the  E* /B^  value,  while  the  absolute  ER  value  is  related  to 
the  competition  between  the  fusion  and  quasifission  during  the  evolution  of  the  dinuclear 
system  (after  capture)  in  the  entrance  channel.  Therefore,  the  ER  production  (normalized 
to  the  fusion  cross  section)  for  the  heavy  and  superheavy  nuclei  is  mainly  dependent  on  the 
E*/B fis,  while  the  fusion  process  is  related  to  the  dynamic  effect  (the  ratio  between  the 
intrinsic  fusion  barrier  and  the  quasifission  barrier)  in  the  entrance  channel. 
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Abstract.  The  excitation  function  (EF)  data  for  dissipative  processes  in  19F  4-  27A1  system  in  the 
incident  energy  interval  from  113.5  to  130  MeV  are  used  to  obtain  the  dependence  of  the  charge 
variance  and  of  the  interaction  time  as  a  function  of  the  incident  energy.  Fluctuations  are  observed  in 
the  EFs  of  both  these  secondary  observables.  Their  correlation  is  supported  by  a  mechanism  based 
on  stochastic  exchange  of  nucleons. 

Keywords.  Deep  inelastic  processes;  excitation  function;  non-statistical  fluctuations. 

PACS  Nos  25.70.Lm;  24.60.Ky 

Non-statistical  fluctuations  in  the  EFs  of  dissipative  heavy  ion  collisions  (DHIC)  was  rather 
unexpected  due  to  the  fact  that  cross  sections  are  always  obtained  on  a  ‘coarse  cell’  of 
total  kinetic  energy  loss  (TKEL)  and  center  of  mass  angle  of  observation  (tfcm)  [1]-  The 
contribution  of  a  large  number  of  microchannels  to  the  measured  cross  section  is  expected 
to  attenuate  the  fluctuation  amplitude.  The  partially  overlapping  molecular  levels  model 
(POMLM)  introduces,  besides  the  angular  momentum  correlation,  the  hypothesis  that  the 
dinuclear  system  (DNS)  formed  in  the  first  stage  of  a  dissipative  process  is  excited  in  a 
region  of  low  level  density  situated  in  the  vicinity  of  the  yrast  line  in  order  to  describe  such 
fluctuation  phenomena  [2]. 

A  detailed  experimental  study  of  the  19F  on  2‘  A1  and  19F  on  12C  collisions  at  111.4, 
125.0  and  136.9  MeV  has  been  realized.  The  correlations  between  different  observables 
evidenced  that  even  for  such  light  combinations,  in  this  energy  range,  a  full  dynamics 
specific  for  deep  inelastic  processes  from  quasielastic  down  to  complete  damping  is  present 
[3,4].  This  systematic  study  of  dissipative  processes  in  light  systems  was  completed  with 
experiments  dedicated  to  the  measurement  of  the  excitation  functions  in  19F  -F  27  A1  and 
27A1  +  27A1  systems  in  order  to  obtain  deeper  insight  on  DNS  configuration  and  its  time 
evolution. 

The  excitation  function  for  19F  +  27A1  system  has  been  measured  between  113.5 


57 


I  Berceanu  et  al 


30  40  50  60  70  30  40  50  60  70 

c.m.  w  c.m. 

Figure  1.  Angular  distributions  at  incident  energies  121  and  123  MeV  for  (a)  Z  =  6 
fragment  and  (b)  Z  =  8  fragments  for  W4  window. 


Figure  2.  Angular  correlation  coefficients  for  (a)  Z  =  7  and  (b)  Z  =  8  fragments  for 
W4  window. 

and  130.0  MeV  with  a  250  keV  energy  step  [5].  The  EF  for  27  Al  +  27  Al  collision  has  been 
measured  with  the  same  step  on  the  incident  energy  interval  from  120.0  to  130.0  MeV 
and  some  preliminary  results  are  presented  in  this  communication.  The  experiments  were 
performed  at  the  SMP  tandem  accelerator  from  LNS,  Catania.  The  outgoing  fragments 
were  detected  using  experimental  device  DRACULA  having  as  a  main  component  two 
large  area  position  sensitive  ionization  chambers  [6]. 

The  EFs  for  Z  =  6— 12  fragments  from  19F  +  27 Al  collision  having  TKEL  and  $cm 
in  the  W1-W5  windows  given  in  figure  3  were  obtained.  The  windows  have  been  chosen 
in  order  to  select  dissipative  processes  which  take  place  in  this  interaction  but  to  avoid  the 
complete  energy  dissipation.  Fluctuations  with  amplitude  larger  than  the  statistical  errors 
were  observed.  Large  Z  and  angular  cross  correlation  coefficients  show  their  non-statistical 
nature. 

For  angular  correlation  analysis,  the  angular  distributions  with  a  2°  bin  for  bombard¬ 
ing  energy  from  116.75  to  122.25  MeV  have  been  obtained  for  windows  W2,  W4  and 
W5.  As  an  example  angular  distributions  for  Z  —  6  and  8  for  W4  window  are  given  in 
figure  1.  The  angular  correlation  coefficients  C ($,$')  have  large  values  as  can  be  seen 
in  figure  2.  An  oscillating  pattern  could  be  seen.  The  minima  are  filled  as  predicted 
for  the  case  of  deep  inelastic  reactions  in  contrast  with  the  case  of  compound  elastic  and 
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Figure  3.  The  dependence  of  the  energy  correlation  width  T  on  fragment  charge. 


Figure  4.  Charge  distributions  for  TKEL  =  30±2.5  MeV  at  incident  energy: 
(a)  121  MeV  and  (b)  123  MeV. 


inelastic  scattering  when  minima  are  close  to  zero  [7]. 

The  energy  correlation  width  F  of  the  fluctuations  was  determined  by  energy  autocorre¬ 
lation  function  (EAF)  method.  The  results  are  represented  as  a  function  of  fragment  charge 
number  Z  for  all  (TKEL,  dcm)  windows  in  figure  3.  Within  the  errors,  the  T  values  do  not 
show  any  clear  dependence  on  dcm,  Z  or  TKEL.  An  average  T  value  of  170  ±  65  keV  was 
calculated.  The  corresponding  DNS  lifetime  r  =  (3.9  ±  1.1)  •  10~21s  is  almost  equal  to  its 
rotation  period.  Secondary  structures  were  observed  in  the  experimental  EAF  as  predicted 
in  ref.  [8]  for  this  case.  Their  period  («  1  MeV)  agrees  with  the  predicted  one  considering 
deformed  fragments. 
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In  this  work  the  dependence  of  second  order  observables,  namely  the  second  moment  of 
the  charge  distribution  and  the  product  uj  •  r  (lj  is  the  angular  velocity  of  the  DNS  and  r  its 
mean  lifetime)  extracted  from  the  angular  distributions,  on  the  incident  energy  was  studied. 
The  fluctuations  observed  in  the  cross  section  EFs  should  propagate  in  the  second  order 
observable  excitation  functions  if  their  origin  is  due  to  the  relatively  simple  structure  of  the 
DNS  levels  as  proposed  by  POMLM.  The  above  data  for  19F  +  27  Al  system  were  used. 
The  statistics  allowed  the  analysis  of  the  charge  distributions  and  angular  distributions  for 
W2  and  W4  windows  on  the  incident  energy  from  120  to  130  MeV. 

The  charge  distributions  corresponding  to  W4  window  for  incident  energy  Eiab  =  121 
and  123  MeV  are  given  in  figure  4(a)  and  (b).  The  variance  of  the  charge  distribution,  az, 
was  obtained  by  the  fit  of  the  charge  distribution  with  a  Gaussian.  In  the  panel  (a)  of  the 
figure  5  is  represented  the  dependence  of  az  values  as  a  function  of  E\a^.  Fluctuations 
with  quite  large  amplitude  can  be  seen.  The  product  u  •  r  was  extracted  from  the  angular 
distributions  described  by  the  expression  [9]:  dcr/d$cm  cx  exp(— i9cm/u;*r)  +  exp(— (27t  — 
i?cm )/tu  •  r).  The  continuous  lines  on  figure  2  represent  the  result  of  the  fit.  The  EFs 
of  u  •  r  for  Z  =  6  -  8  fragments  with  TKEL  in  W4  window  can  be  followed  in  panels 
(b)-(d)  of  figure  5.  The  fluctuations  with  amplitude  larger  than  statistical  errors  are  present 
and  some  of  them  are  nicely  correlated  with  those  from  az  excitation  function.  Also  a 
correlation  of  the  second  order  observable  fluctuations  with  those  from  cross  section  EF 
could  be  observed.  The  cross  section  EF  for  Z  =  8  fragment  is  represented  in  the  last 
panel  of  figure  5  in  order  to  follow  this. 


F  lab 

Figure  5.  Excitation  functions  of  (a)  charge  variance  and  lj  ■  r  for  (b)  Z  =  6,  (c) 
Z  =  7,  (d,  e)  Z  =  8  from  19F  +  27 Al  system  for  W4  window. 
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Figure  6.  Excitation  functions  for  fragments  having  TKEL  from  20  to  32  MeV  from 
27A1  +  27A1  collision;  (a)  charge  variance,  (b)  u  •  r,  (c)  cross  section. 
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The  above  results  are  confirmed  by  a  preliminary  analysis  of  the  EF  data  for  27A1  + 
27  A1  system.  Fluctuations  correlated  in  the  final  channels  corresponding  to  different  charge 
numbers  could  be  observed  in  the  EFs  obtained  for  Z  =  10—12  and  14  fragments  having 
TKEL  in  the  range  from  20  to  32  MeV.  The  charge  variance  was  obtained  by  the  fit  with  a 
Gaussian  of  the  peak  centered  at  Z  —  13.  For  the  fragment  with  Z  —  11  the  product  c j  •  r 
was  extracted  from  the  angular  distribution.  The  charge  variance,  u  •  r  and  cross  section 
excitation  functions  for  Z  =  11  fragment  are  represented  in  figure  6.  A  correlation  of  the 
fluctuations  from  the  excitation  functions  of  these  three  observables  could  also  be  noticed. 

One  has  to  mention  that  the  data  for  27  A1  +  27  A1  system  are  not  corrected  for  particle 
evaporation  processes.  In  the  case  of  19F  +  27  A1  system  evaporation  corrections  have  been 
evaluated  by  an  iterative  procedure  similar  to  that  from  ref.  [10]  which  takes  into  account 
evaporation  of  neutrons  and  protons. 

For  27  A1  +  27A1  system  an  evaluation  of  the  evaporation  corrections  was  done  using 
a  Monte  Carlo  simulation.  The  excitation  functions  for  27 A1  -f-  27 A1  system  for  primary 
fragments  and  after  giving  them  the  possibility  to  evaporate  particle  were  simulated.  No 
structures  in  the  EFs  due  to  particle  evaporation  were  observed. 

The  observed  correlation  of  the  fluctuations  from  the  cross  section  and  uj  •  r  EFs  could 
be  interpreted  as  an  evidence  of  the  excitation  of  simple  states  of  rotational  nature  in  the 
DNS  as  proposed  by  POMLM.  In  a  diffusion  approach  of  deep  inelastic  processes  the 
charge  distribution  and  DNS  lifetime  are  related  by  the  expression:  cr|  =  2 Dz  •  r,  where 
Dz  represents  charge  diffusion  coefficient.  As  it  is  known  the  diffusion  models  have  been 
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elaborated  for  describing  the  dissipative  processes  in  heavier  systems  [11].  The  observed 
correlated  fluctuations  in  a z  and  lj  •  r  EFs  support  a  mechanism  based  on  a  stochastic 
exchange  of  nucleons.  This  speaks  in  favour  of  a  common  reaction  mechanism  of  dissi¬ 
pative  processes  in  light  systems  and  in  medium  and  heavy  ones.  The  same  conclusion  is 
sustained  by  the  fact  that  the  correlation  ln(cr|)  as  a  function  of  TKEL//gr  for  light  systems 
could  be  comprised  in  the  same  systematics  with  medium  and  heavy  systems  [4]. 
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Abstract.  The  lifetimes  of  the  states  of  —  ve  parity  2-qp  bands  of  N  =  40  nuclei  ,4Se  and  76  Kr 
were  measured.  The  transition  strengths  and  quadrupole  moments,  obtained  from  the  lifetimes,  show 
a  large  collectivity  of  such  bands  in  both  the  nuclei.  The  alignment  frequencies  were  calculated  from 
Woods-Saxon  cranking  model.  Previously  suggested  quasi  proton  nature  of  band  5  and  6  of  74 Se 
were  argued  to  be  based  on  quasi  neutron  excitations.  The  total  Routhian  surface  calculations  suggest 
triaxial  shapes  with  large  +ve  and  —  ve  values  of  triaxiality  parameter  7  after  proton  and  neutron 
alignments  in  these  bands  respectively. 

Keywords.  Heavy  ion;  7-7  coincidence;  DSAM;  Woods-Saxon  cranking;  TRS. 

PACS  Nos  23.30.Lv;  21.10.Tg;  27.50.+e 
1.  Introduction 

The  even-even  N  =  40  nuclei  74  Se  and  76  Kr  show  interesting  structure  properties  includ¬ 
ing  shape  coexistence  in  the  yrast  bands  [1,2].  In  addition  to  the  +ve  parity  yrast  bands, 
other  —  ve  parity  bands  with  strong  E2  transitions  have  recently  been  observed  in  both  the 
nuclei  [2-A].  These  were  interpreted  as  two  quasi  particle  (2-qp)  bands.  In  76 Kr,  two  such 
signature  partner  bands  (band  3  and  band  6)  were  interpreted  as  two  quasi-proton  in  charac¬ 
ter  [2]  and  other  two  signature  partner  bands  (band  4  and  band  5)  are  two  quasi-neutron  in 
character  [4].  These  bands  are  predicted  to  have  larger  deformation  than  the  yrast  5-band 
[2].  Lifetime  measurements  of  these  states  can  test  these  predictions.  Moreover,  the  quasi 
particle  configuration  assigned  to  these  bands  can  be  tested  if  the  deformation  is  known 
for  these  bands.  In  74 Se,  the  nature  of  such  two  quasi  particle  bands  are  not  resolved.  The 
close  proximity  of  proton  and  neutron  crossing  frequencies  makes  the  interpretation,  of 
whether  the  bands  (band  5  and  band  6)  are  based  on  two  quasi  protons  or  two  quasi  neu¬ 
trons,  very  ambiguous  [3].  If  the  deformation  of  such  bands  are  known  then  it  might  be 
easier  to  resolve  this  ambiguity.  This  again  needs  the  lifetime  measurements  of  these  2-qp 
bands. 

In  the  present  work,  our  aim  was  to  study  the  2-qp  bands  of  74  Se  and  76  Kr  in  detail  with 
lifetime  measurements  to  determine  the  deformations.  The  cranking  calculations  were 
performed  for  these  bands  to  interpret  the  results. 
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2.  Experimental  details  and  data  analysis 

The  nuclei  76  Kr  and  74 Se  were  populated  by  heavy  ion  fusion  evaporation  reaction, 
51V(28Si,  p2n(a,p))76Kr  (74Se)  at  115  MeV  of  beam  energy.  The  beam  was  delivered 
from  15UD  Pelletron  at  Nuclear  Science  Centre  (NSC),  New  Delhi.  The  target  was  a  self 
supporting  thick  (~  76  mg/cm2)  vanadium  foil.  The  recoils  were  stopped  in  the  target  itself 
for  the  line  shape  analysis.  The  maximum  recoil  velocity  of  the  recoiling  nuclei  was  ~  3% 
of  the  velocity  of  light.  Gamma-gamma  coincidence  data  were  taken  in  the  list  mode  using 
the  gamma  detector  array  (GDA)  set  up  at  NSC.  GDA  consists  of  12  Compton  suppressed 
HPGe  detectors  with  14  element  BGO  multiplicity  filter.  The  detectors  were  at  three  rings 
at  144°,  98°  and  50°  angles.  There  were  4  detectors  in  each  ring.  The  set  up  for  the  similar 
measurements  can  been  seen  in  ref.  [5]. 

In  the  analysis,  two  4  Kx4  K  77-coincidence  matrices  were  constructed  separately  for 
forward  and  backward  angle  detectors.  Most  of  the  transitions  in  76 Kr  reported  in  refs  [2] 
and  [4]  and  in  74 Se  reported  in  refs  [1]  and  [3]  have  been  observed  in  our  experiment. 
The  sum  gated  spectra  were  used  for  line  shape  analysis.  For  76  Kr  gated  spectra  with 
gates  put  on  424  keV,  611  keV  and  825  keV,  yrast  transitions  were  added  while  for  74  Se, 
635  keV,  728  keV  and  868  keV  gated  spectra  were  summed  up.  The  computer  program 
LINESHAPE  [6]  was  used  to  fit  the  Doppler  line  shapes.  Wherever  possible,  the  lifetimes 
were  obtained  by  fitting  the  data  from  forward  and  backward  matrices  separately  and  the 
averages  were  taken.  The  errors  associated  with  the  measured  lifetimes  were  calculated 
by  the  MINOS  routine  in  the  LINESHAPE  program  [6].  These  were  obtained  for  both 
backward  and  forward  data.  The  reported  error  values  are  the  larger  values  found  between 
these  two  measurements. 


3.  Results 

The  results  are  summarized  in  table  1.  It  contains  the  lifetimes  (r)  of  the  levels  of  band 
3  (even  spin)  and  band  6  (odd  spin)  in  76 Kr  and  band  4  and  band  6  of  74Se  along  with 
the  transition  strengths  B(E2)  and  transition  quadrupole  moments  Qt  obtained  from  the 
lifetimes.  Here  we  are  using  the  band  nomenclatures  as  given  in  ref.  [4]  for  76  Kr  and  in 
ref.  [3]  for  74  Se.  The  band  3  and  band  6  are  the  signature  partners  of  the  quasi  proton  band 
of  76  Kr  while  band  5  and  band  6  are  the  signature  partners  of  quasi  proton  band  of  74  Se 
as  interpreted  in  ref.  [3].  However,  in  the  present  study  it  is  argued  that  later  bands  are 
quasi  neutron  in  character.  The  lifetimes  of  the  levels  of  band  5  of  74  Se  were  previously 
measured  by  Cottle  et  al  [1]  and  are  not  shown  in  table  1.  The  measured  lifetimes  for  few 
levels  match  quite  well  with  the  previous  measurements  except  for  the  9~  state  of  76 Kr. 
The  value  obtained  by  Piercey  et  al  for  this  state  was  very  low  compared  to  our  value  and 
this  gives  an  exceptionally  high  value  of  Qt  and  consequently  very  large  axial  deformation. 
It  may  be  noted,  however,  that  the  lifetimes  were  not  known  for  most  of  the  levels  in  these 
bands.  The  large  B( E2)  values  obtained  for  these  bands  indicate  highly  collective  nature 
of  the  bands..  The  quadrupole  moments  Qt  for  both  the  nuclei  remain  almost  constant  at  a 
value  of  «  2.5  eb  for  74Se  and  ^  3.0  eb  for  76 Kr.  These  correspond  to  an  axial  deforma¬ 
tion  of  fa  ~  0.33  and  «  0.38  for  74Se  and  76Kr  respectively.  In  the  yrast  band  of  76Kr,  it 
was  found  that  the  Qt  decreases  from  ~  3  eb  for  the  p-band  to  ~  2.2  eb  for  the  5-band  [8]. 
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Table  1.  Lifetime  (r)  for  the  -f  ve  and  —  ve  parity  states  in  76Kr  and  74 Se  from 
previous  [7]  and  present  works.  1  w.u  =  19.13  and  18.46  e2fm4  for  76 Kr  and 
74  Se  respectively. 
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This  indicates  that  the  deformation  of  the  2-qp  band  of  76  Kr  is  more  deformed  than  the 
proton  5-band,  as  conjectured  by  Gross  et  al  [2]. 


4.  Discussion 

The  results  are  discussed  in  the  frame  work  of  the  cranking  model.  The  protons  and  neu¬ 
trons  crossing  frequencies  for  different  values  of  deformation  parameters  /32  and  7  were 
calculated.  These  are  plotted  in  figure  1. 

Quasi  neutron  nature  of  bands  5  and  6  of  /4Se:  The  bands  5  and  6  were  interpreted 
as  quasi  proton  in  nature  by  Doring  et  al  [3].  The  band  crossing  frequencies  corre¬ 
sponding  to  particle  alignments  in  these  bands  were  observed  at  h(jjc  «  0.5  MeV.  If 
these  bands  were  quasi  proton  in  nature  then  this  corresponds  to  neutron  crossing  fre¬ 
quency,  since  proton  crossing  is  blocked.  The  calculated  neutron  crossing  frequency 
in  figure  1(a)  shows  a  value  of  «  0.5  MeV  for  fa  —  0-23  which  is  much  less  than 
the  value  obtained  from  lifetime  measurements.  In  figure  1(b),  it  can  be  seen  that 
the  neutron  crossing  frequency  never  comes  closer  to  0.5  MeV  for  any  value  of  tri- 
axiality  parameter  7,  if  the  observed  deformation  of  fa  ~  0.3  is  assumed.  Thus  it 
is  very  unlikely  that  the  bands  5  and  6  of  74 Se  are  quasi  proton  bands.  However,  if 
quasi  neutron  nature  is  assigned  to  these  bands,  then  the  observed  crossing  frequency 
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Figure  1.  The  calculated  proton  and  neutron  crossing  frequencies  for  proton  and  neu¬ 
trons  as  a  function  of  (32  (a)  and  7  (b)- 
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Figure  2.  TRS  plots  for  the  —  ve  parity  2-qp  bands  in  76  Kr  (left)  and  74 Se  (right) 
calculated  at  hcj  —  0.3  and  0.4  MeV  respectively. 


agrees  well  with  calculated  proton  crossing  frequency  for  the  deformation  /?2  ~  0.3,  close 
to  the  value  obtained  from  lifetimes,  with  slightly  -f  ve  7  (see  figure  1(a)  and  (b)). 

4.1  Shape  calculation 

To  investigate  the  shape  of  the  —  ve  parity  two  quasi  particle  bands  in  76  Kr  and  74  Se,  we 
have  carried  out  the  theoretical  calculations  of  total  Routhian  surfaces  in  Hartree-Fock- 
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Bogoliubov  cranking  model  with  Woods-Saxon  potential  and  monopole  pairing  [9].  The 
total  Routhian  surfaces  (TRS)  calculated  for  the  quasi  particle  bands  of  76  Kr  and  74  Se  at 
rotational  frequencies  hcj  =  0.3  and  0.4  MeV  respectively  are  shown  in  figure  2. 

The  minimum  in  the  potential  energy  for  76Kr  occurs  at  fa  ~  0.38  and  7  «  —6°. 
The  quadrupole  moment  calculated  from  these  deformation  paremeters  comes  out  to  be 
Oth  ~  3.2  eb.  This  is  in  fair  agreement  with  the  experimental  values  for  the  even-spin  —  ve 
parity  band  (see  table  1). 

The  TRS  plot  for  the  two  quasi  neutron  band  of  /4Se  shows  a  minimum  at  fa  ~  0.36 
and  at  +ve  triaxiality  7  «  7°.  These  values  are  in  very  good  agreement  with  the  values 
obtained  from  the  experimental  observations  of  crossing  frequencies  and  lifetime  data. 
This  provides  further  support  to  the  quasi  neutron  nature  of  the  —  ve  parity  bands  of  74  Se, 
as  discussed  earlier.  The  TRS  plots  calculated  at  frequencies  after  the  band  crossings 
indicate  (not  shown)  that  the  alignment  of  a  pair  of  protons  drives  the  shape  towards  +ve 
7  value  while  the  neutron  pair  alignments  drives  it  towards  —  ve  7  value. 


5.  Conclusions 

The  lifetimes  of  the  —  ve  parity  2-qp  bands  of  76  Kr  and  74  Se  were  measured  by  DSAM.  The 
predicted  larger  deformation  of  the  2-qp  bands  of  76  Kr  than  the  proton  5-band  was  con¬ 
firmed  in  the  present  study.  The  bands  5  and  6  of  74  Se  were  argued  to  be  based  on  2  quasi 
neutron  excitations.  The  TRS  calculations  were  performed  with  Woods-Saxon  potential 
for  these  bands  in  both  the  nuclei.  The  results  of  such  calculations  are  in  fair  agreement 
with  the  measured  deformations.  The  calculations  predict  a  shape  change  towards  +ve 
(— ve)  7  after  proton  (neutron)  pair  alignments. 
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Structure  of  neutron-rich  nuclei  around  A  ~  100 
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Abstract.  Neutron-rich  isotopes  of  Mo  (Z  =  42)  around  A  ~  100  have  been  investigated  within 
the  formalisms  of  cranked  Nilsson  Strutinsky  and  CHFB,  to  study  several  interesting  features  of 
nuclear  structure  in  this  mass  region.  The  total  energy/routhian  surfaces  have  been  generated  for  the 
isotopes  of  Mo  ranging  from  A  ~  96  —  112,  as  a  function  of  deformation  ((32  and  7)  for  ground 
state  and  higher  angular  momentum  states.  Results  of  calculations  using  two  different  formalisms 
have  been  compared  and  combined  to  have  a  better  understanding  of  the  underlying  mechanism  of 
shape  evolution. 

Keywords.  Nuclear  structure;  CHFB;  Nilsson  Strutinsky  calculations;  42-112Mo. 
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1.  Introduction 

Information  [1-3]  obtained  so  far  indicate  that  the  nuclei  in  the  Sr-Zr-Mo  region  around 
A  ~  100  have  several  appealing  features  in  their  nuclear  structure.  These  nuclei  show 
rapid  changes  in  structure-dramatic  variation  in  quadrupole  collectivity  has  been  observed 
in  isotopes  of  Sr-Zr  nuclei.  For  Z  >  40  (Mo,  Ru,  Pd)  nuclei,  the  shape  transition  is  less 
dramatic  but  they  show  softening  of  the  nuclear  energy  surface  to  triaxiality.  The  rapidity 
in  shape  change  results  in  shape  coexistence  in  these  nuclei.  Moreover  these  nuclei  have 
shown  a  richness  of  various  structural  effects  at  high  angular  momentum  (cj).  There  is  also 
evidence  of  pairing  collapse  evident  through  the  moment  of  inertia  value  which  is  almost 
equal  to  the  rigid  body  value.  So  in  the  A  ~  100  region,  there  is  an  extremely  favourable 
condition  to  study  many  different  nuclear  structural  characteristics  in  a  narrow  range  of 
isotopes  and  isotones.  This  is  a  fertile  territory  for  testing  various  theoretical  models. 

Most  of  these  nuclei  are  neutron  rich  and  despite  different  experimental  efforts  [1,2], 
detailed  experimental  information  on  high-spin  properties  of  A  ~  100  nuclei  are  still 
scarce. 

We  plan  to  systematically  study  neutron  rich  42M0  isotopes  ( N  =  54—70)  within  Nils¬ 
son  Strutinsky  formalism  [4]  to  study  the  equilibrium  deformations  in  their  ground  states 
and  their  evolution  with  spin.  Similar  calculations  have  been  started  within  CHFB  with 
pairing  plus  quadrupole  interaction  [5,6],  for  studying  the  microscopic  origin  of  the  on¬ 
set  of  deformation  and  self-consistent  determination  of  the  evolution  of  pairing  gap  and 
deformation  with  spin.  Total  energy  surfaces  have  been  generated  for  these  nuclei  within 
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HFB  and  higher  angular  momentum  states  for  96Mo  and  104 Mo  have  been  calculated  us¬ 
ing  CHFB.  Detailed  microscopic  calculation  of  higher  angular  momentum  states  of  other 
nuclei  is  in  progress. 


2.  Formalism 

The  main  assumption  of  Nilsson-Strutinsky  approach  [4]  is  that  the  total  energy  of  a  nu¬ 
cleus  can  be  decomposed  into  two  parts, 

E  —  -E'macro  4~  -Emicro?  (1) 

where  EmSiCro  is  the  macroscopic  energy  and  Em[Cro  *s  microscopic  shell  correction  en¬ 
ergy  calculated  from  a  non-self-consistent  average  deformed  potential  (modified  harmonic 
oscillator  potential).  Pairing  is  included  only  for  I  =  0.  Rotation  is  introduced  in  cranking 
approximation  corresponding  to  rotation  around  one  principal  axis. 

In  the  cranked  HFB  model,  the  hamiltonian  Hu  is  cranked  about  an  axis  (here,  x  axis) 
perpendicular  to  the  symmetry  axis  (here,  z  axis)  of  the  nucleus 

Hu  =  H  —  ujix  —  A  N,  (2) 

where  the  different  terms  have  their  usual  meanings  [6].  H  is  given  by  the  pairing  plus 
quadrupole  model  hamiltonian  of  Baranger  and  Kumar  [5].  Evolution  of  pairing  gap  and 
deformation  with  spin  is  calculated  self-consistently  in  this  model. 

The  oscillator  shells  N  =  4  and  5  are  included  in  the  basis  states  for  both  protons  and 
neutrons.  The  inert  core  is  therefore,  49Zr4o.  The  single  particle  parameter  sets  (yu,  k  val¬ 
ues)  are  used  as  suggested  by  Nilsson  et  al  [7]  to  obtain  spherical  single  particle  energies. 
The  pairing  and  quadrupole  force  constants  are  given  by 

Gp  =  30/A  MeV,  Gn  =  22/A  MeV,  X2  =  80  A-1,4  MeV.  (3) 


3.  Results  and  discussion 

Table  1  contains  the  comparison  of  our  results  using  two  different  approaches  with  previous 
experimental  [8]  and  theoretical  results  with  extended  Thomas  Fermi  Strutinsky  integral 
method  (ETFSI)  [9]  and  finite  range  droplet  model  (FRDM)  [10]. 

Figure  1  shows  the  total  energy  surface  plots  for  the  ground  states  of  96-112Mo  isotopes 
as  a  function  of  (3  and  7,  within  Nilsson  Strutinsky  approach.  The  changes  in  deformation 
with  increasing  neutron  number  is  evident  from  the  figure.  96 Mo  (N  =  54)  with  only  4 
neutrons  outside  the  closed  N  =  50  shell  shows  small  /3  deformation  (table  1).  Its  total 
energy  surface  (TES)  is  flat  against  triaxiality  indicating  extreme  7-softness.  As  neutron 
number  increases  the  minimum  becomes  more  confined  in  the  7-axis,  and  the  (3  value  in¬ 
creases  reaching  a  maximum  0.26)  for  N  =  64.  As  N  increases  from  N  =  62,  a 
second  minimum  develops  for  oblate  deformation  and  shape  coexistence  is  predicted  for 
N  —  66.  For  higher  N  isotopes,  the  first  minimum  shifts  to  an  oblate  shape  ((3  «  —0.20). 
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Table  1.  Comparison  of  present  results  with  previous  results. 


Theory 

A 

Expt.  [8] 

Previous 

Present 

FRDM  [10] 

€2 

ETFSI  [9] 

P 

Nil.  Strut. 

£2 

CHFB 

P 

96 

0.1720(16) 

0.08 

0.02 

0.08 

0.06 

98 

0.1684(16) 

0.180 

0.20 

0.10 

0.08 

100 

0.2309(22) 

0.244 

-0.27 

0.15 

0.10 

102 

0.326(19) 

0.329 

-0.27 

0.20 

0.15 

104 

0.325(12) 

0.349 

0.36 

0.25 

0.18 

106 

0.353(10) 

0.361 

0.37 

0.26 

0.20 

108 

0.354(41) 

0.333 

0.37 

-0.20 

0.25 

0.20 

110 

- 

0.335 

-0.31 

1 

-0.20 

0.25 

-0.20 

0.20 

112 

0.337 

-0.31 

-0.20 

-0.15 

o  °"M  o  iMMo 


o  10  20  »o  *o  mo  mo  o  to  20  BO  40  mo  mo  o  10  20  20  40  to 

y 


Figure  1.  TES  plots  within  Nilsson  Strutinsky  approach. 


For  N  =  70,  112Mo  isotope,  there  is  a  single  minimum  for  an  oblate  deformation  «  —0.20, 
which  agrees  with  previous  theoretical  result  [9]. 
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Figure  2.  TRS  plots  within  Nilsson  Strutinsky  approach. 


The  total  routhian  surface  (TRS)  plots  for  Mo  isotopes  with  N  <  64,  for  a;  =  0.2  to 
0.8  show  that  the  extreme  7-soft  minimum  at  ground  state  shifts  towards  definite  triaxial 
minimum  at  u  —  0.2  with  an  increase  in  the  (3  value.  But  then  with  increasing  rotational 
frequency  the  equilibrium  shape  shifts  to  oblate. 

But  for  heavier  isotopes,  the  trend  in  shape  evolution  changes.  Figure  2  shows  the  TRS 
plot  for  A  =  112,  Mo  isotope.  Although  the  ground  state  equilibrium  shape  is  oblate 
(figure  1),  the  higher  rotational  frequency  generates  a  second  minimum  for  prolate  shape. 
This  shape  coexistence  prevails  until  at  uj  about  0.6,  the  prolate  minimum  shifts  to  (3  «  0.4. 
This  is  an  indication  of  non-yrast  superdeformation.  This  feature  is  seen  for  N  >  64.  The 
spin  values  associated  with  the  SD  shape  is  «  50. 

The  total  energy  surface  plots  for  the  ground  states  of  96-1 12 Mo  isotopes  as  a  function 
of  P  and  7  have  also  been  generated  within  CHFB  approach. 

The  changes  in  deformation  with  increasing  neutron  number  is  similar  to  figure  1. 
Smaller  values  of  deformation  obtained  in  the  present  work  compared  to  the  previous  re¬ 
sults,  shown  in  table  1,  indicates  that  a  readjustment  of  the  quadrupole-quadrupole  inter¬ 
action  strength  is  needed. 

Preliminary  CHFB  calculation  for  higher  angular  momentum  states  (up  to  /  ~  8)  show 
the  following  interesting  results  for  96 Mo  and  104 Mo.  In  96 Mo,  neutron  alignment  takes 
place  (vg7 /2).  Neutron  pairing  gap  decreases  drastically  with  spin.  In  104Mo,  proton  align¬ 
ment  takes  place  (7 rp9/2).  Proton  pairing  gap  decreases  drastically  with  spin.  Preliminary 
CHFB  results  indicate  that  the  rapid  onset  of  deformation  in  this  mass  region  is  a  result  of 
strong  n  —  p  interaction  in  the  orbitals  with  large  spatial  overlap.  The  overlapping  orbitals 
are  tt g9/2  -  ag7/2.  The  decrease  in  pairing  gap  may  also  be  an  indication  of  the  pairing 
collapse  predicted  in  this  mass  region  [3]  resulting  from  a  relatively  low  single  particle 
level  density. 
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Abstract.  The  characteristics  of  the  dissipative  processes  in  the  collisions  of  light  heavy  ion  sys¬ 
tems  at  incident  energies  below  10  MeV/nucleon  have  been  studied.  The  correlations  between  dif¬ 
ferent  experimental  observables  show  similar  trends  as  those  known  at  much  heavier  systems  and 
semiempirical  relationships  are  established  starting  from  assumptions  on  the  nature  of  the  micro¬ 
scopic  mechanisms.  The  charge  equilibration  process  in  light  systems  is  also  studied. 

Keywords.  Multinucleon  transfer  reactions. 
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The  idea  of  the  formation  of  the  dinuclear  system,  seen  as  a  doorway  to  deep  inelastic 
collisions,  is  supported  by  the  experimental  study  of  the  statistical  consequences  of  its 
presence,  through  the  analysis  of  fluctuations  in  the  excitation  functions  of  the  products 
formed  in  the  collision  of  the  systems  with  masses  A\  +  A2<100  [1].  While  statistical 
concepts  are  more  or  less  accepted  to  be  valid  for  heavy  nuclear  systems,  for  those  with  a 
small  number  of  nucleons  involved,  the  situation  is  not  so  clear,  as  the  existence  of  deep 
inelastic  processes  for  light  systems  remained  still  insufficiently  studied.  In  view  of  these 
considerations,  it  would  be  of  interest  to  see,  to  what  extent  experimental  data  really  show 
differences  or,  on  the  contrary,  a  noticeable  similitude  between  these  two  extremes. 

Continuous  measurements  in  energy  and  angle  for  the  projectile-like  fragments  identi- 
fied  in  the  reactions:  19F  (1 1 1.4, 125,  136.9  MeV)  +  27 Al,  19F  (1 1 1.4, 136.9  MeV)  +  12C 
and  27A1  (140.14  MeV)  +  12C, 27 Al  have  been  carried  out  using  the  experimental  device 
DRACULA  [2],  mounted  at  an  extension  of  the  15  MV  SMP  Tandem  from  LNS,  Catania, 
whose  main  components  are  two  large  area  position  sensitive  ionization  chambers,  placed 
up  and  down  relative  to  the  horizontal  reaction  plane.  Start  and  stop  PPADs  allowed  to 
perform  mass  measurements  too. 

The  double  differential  cross  sections  as  a  function  of  different  experimental  observ¬ 
ables,  show  similar  trends  with  those  observed  for  much  heavier  systems.  Thus,  a  complete 
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dynamics  from  quasielastic  to  complete  dissipation  regime  is  evidenced  even  in  the  case  of 
such  light  systems  and  microscopic  models  were  able  to  describe  it  [3,4].  The  double  dif¬ 
ferential  cross  section  as  a  function  of  the  atomic  number  (Z)  of  the  reaction  product  and 
the  total  kinetic  energy  (TKE)  shows  a  continuous  broadening  of  the  charge  distribution 
with  increasing  total  kinetic  energy  loss  (TKEL).  Maxima  centered  approximately  at  the 
projectile  and  target  Z  values  are  present  up  to  large  TKEL.  This  shows  that  the  interact¬ 
ing  nuclei  did  not  completely  lose  their  identity,  suggesting  a  statistically  not  equilibrated 
process. 

The  experimental  angular  distributions  of  the  reaction  products  depend  on  the  nature 
and  time  scale  of  the  reaction.  An  estimate  of  the  interaction  time,  for  different  degrees 
of  inelasticity  of  the  reaction  process  (windows  of  TKE),  can  be  done  from  the  angular 
distributions  for  any  reaction  product,  in  the  frame  of  a  Regge-pole  model  [5].  The  rep¬ 
resentation  of  the  interaction  time  as  a  function  of  Z  and  TKEL  in  figure  1  shows  that,  it 
is  possible  to  populate  more  and  more  different  Z  values  from  that  corresponding  to  the 
projectile,  as  the  interaction  time  increases.  Thus,  the  energy  integrated  angular  distribu¬ 
tions  usually  presented  in  the  literature,  becoming  flatter  as  the  atomic  number  difference 
between  the  detected  product  and  the  projectile  increases,  reflect  the  necessity  of  a  longer 
interaction  time  in  order  to  reach  Z  values  far  off  from  the  projectile  atomic  number,  but 
for  the  same  degree  of  inelasticity  of  the  reaction,  the  value  of  the  average  lifetime  is  in¬ 
dependent  of  the  specific  fragment  in  the  exit  channel  whose  angular  distribution  has  been 
used  to  deduce  it.  This  behaviour  is  characteristic  to  a  diffusion  type  process. 

The  natural  logarithm  of  the  charge  distribution  variance  (cr|)  obtained  from  a  two- 
gaussian  fit,  in  windows  of  TKE,  as  a  function  of  the  ratio  of  the  total  kinetic  energy 
loss  to  the  grazing  angular  momentum  (TKEL//gr),  follows  a  systematics  which  has  been 
established  for  light,  medium  and  heavy  mass  systems  in  [6],  namely: 


Figure  1.  A  typical  contour  plot  of  the  interaction  time  as  a  function  of  Z  and  TKEL. 
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Figure  2.  Dependence  of  energy  dissipated  per  transferred  nucleon  on  TKEL  and  lsr 
for  various  systems. 
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This  corresponds  to  an  energy  dissipation  time  rate  assumed  to  be  of  the  form  [6]: 


dE 

dr 


m  r0 
—2D  a — olEq — 

P  T 


(2) 


m  is  the  nucleon  mass;  n  is  the  reduced  mass  of  the  system;  E0  =  Ecm  —  V^oui  is  the  initial 
kinetic  energy  available  over  the  Coulomb  barrier;  Vcou\  is  the  Coulomb  potential  evaluated 
at  the  interaction  radius;  a  takes  into  account  the  Pauli  exclusion  principle  in  the  process 
of  nucleon  exchange.  Da  is  the  mass  diffusion  coefficient;  A  and  Z  refer  to  the  composite 
system.  A  correlated  exchange  of  nucleons  is  assumed:  o\  —  ( A/Z)2o |.  r0  represents 
the  time  when  the  statistical  exchange  of  nucleons  shows  up  and  A  the  corresponding  value 
of  TKEL,  which  can  be  correlated  to  the  change  of  slope  more  clearly  observed  in  the 
experimental  data  from  [7].  s  is  the  universal  value  of  the  slope  experimentally  established 
for  heavy  (6.07  ft/MeV)  [8],  medium  (5.27  hi MeV)  [7]  and  light  (5.93  hi MeV)  [6]  systems. 
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Thus,  the  width  of  the  charge  distribution,  measured  experimentally  as  a  function  of  TKEL, 
is  limited  by  the  size  and  incident  energy  of  the  system,  as  the  expression  of  the  abscissa 
in  eq.  (1)  behaves  like  a  system  independent  quantity.  The  relationship  (2),  the  linear 
dependence  of  cr|  on  the  interaction  time  in  a  simple  diffusion  model  and  the  exponential 
dependence  of  r  on  TKEL  [6],  lead  to  the  following  expression  for  the  amount  of  energy 
dissipated  per  transferred  nucleon  ( SEX): 


In  [R5EX]  =  -s 


TKEL 


A_' 

^gr. 


R 


m 

At 


OlEc 


(3) 


which  can  be  followed  in  figure  2. 

By  considering  in  the  TKEL  range  from  0  up  to  A,  a  mechanism  of  collective  exchange 
of  nucleons  (corresponding  to  charge  equilibration)  and  under  the  assumption  that  the  num¬ 
ber  of  exchanged  nucleons  is  equal  to  the  mass  distribution  variance,  related  to  o\  by  a 
continuous  evolution  from  uncorrelated  to  correlated  exchange  of  nucleons,  one  obtains 
that  the  charge  distribution  variance  scaled  with  a  factor  which  depends  on  the  system, 
follows  the  dependence: 


FaCT|  =  TKEL,  Fa  =  /2  —aE0,  (4) 

Z  p 

with  /  =  1  +  {{A/Z)  -  1)-TKEL/A. 

If  it  is  assumed  that  at  time  tq,  the  charge  distribution  variance  reaches  the  value  of  the 
plateau  predicted  by  the  one-dimensional  oscillator  model  in  the  charge  asymmetry  degree 
of  freedom  [9]  :  a\  —  hu/2K  ( K  is  the  stiffness  parameter),  the  following  expression  is 
obtained  for  the  slope: 
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Figure  3.  Comparison  of  experimental  data  for  conditional  charge  variance  with  pre¬ 
dictions  of  damped  quantum  oscillator  model  for  (a)  fluorine  induced  reactions  Al  and 
(b)  aluminium  induced  reactions  on  C  and  Al. 
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In  spite  of  the  very  simple  hypotheses,  the  relationship  (5)  is  valid  in  the  limit  of  a  factor 
1.5  for  all  the  systems  included  in  the  systematics. 

In  figures  3(a),  (b)  one  can  see  the  comparison  between  the  experimental  data  for  the 
conditional  charge  variance  and  the  predictions  of  the  model  for  the  damped  quantum 
oscillator  in  the  charge  asymmetry  degree  of  freedom,  treated  as  an  open  quantum  system, 
with  the  same  parameters  used  for  heavier  systems  [10]. 

The  elastic  scattering  data  have  been  analysed  within  the  Frahn  formalism  and  reaction 
and  non-fusion  processes  cross  sections  have  been  estimated. 

From  the  experimental  results  presented  in  this  work  one  can  conclude  that,  the  deep 
inelastic  reaction  mechanism  is  also  present  in  the  interaction  of  light  systems  at  energies 
below  10  MeV/nucleon.  The  presence  of  the  same  types  of  correlations  as  those  established 
for  medium  and  heavy  systems,  suggests  the  existence  of  similar  underlying  microscopic 
mechanisms,  which  could  be  a  challenge  to  the  new  generation  of  microscopic  models. 
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Distinction  between  pre-formed  cluster  emission  and  heavy 
ion  decay  by  fission 
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Abstract.  For  studying  cluster  radioactivity  in  the  actinide  region  as  well  as  trans-tin  region  two 
types  of  models  are  used:  the  pre-cluster  formation  model  and  the  unified  fission  model.  In  the  case 
of  the  actinide  region,  the  cluster-like  shapes  are  preferred  for  very  high  asymmetry  while  fissioning 
shapes  are  more  suitable  for  less  asymmetry  and  symmetry  (the  line  of  demarcation  being  around 
Ae  =  31).  In  this  work  this  line  of  demarcation  is  studied  in  the  case  of  the  trans-tin  region. 
The  results  of  this  study  show  that  the  transition  from  cluster  mode  to  fission  mode  takes  place  at 
Ae  =  16. 

Keywords.  Cluster  radioactivity;  pre-formed  cluster  emission;  heavy  ion  decay  by  fission;  compar¬ 
ison. 

PACSNos  23.70+j;  23.60+e;  21.60.Gx 

1.  Introduction 

The  spontaneous  emission  of  fragments  heavier  than  alpha  particle  termed  as  cluster  ra¬ 
dioactivity  has  now  become  an  experimentally  confirmed  reality.  Theoretically,  such  emis¬ 
sions  were  first  predicted  by  Sandulescu,  Poenaru  and  Greiner  [1].  The  first  experimental 
observation  was  made  by  Rose  and  Jones  [2].  Encouraged  by  this,  researchers  tried  to 
detect  other  novel  modes  of  radioactive  decay  in  which  heavy  nuclei  disintegrate  by  emis¬ 
sion  of  intermediate  mass  fragments.  Theoretically,  the  interest  in  such  decays  lies  in  the 
estimation  of  lifetimes  and  branching  ratios  with  respect  to  alpha  decays.  The  lifetimes 
for  the  observed  cluster  radioactivity  of  radioactive  nuclei  have  been  estimated  using  var¬ 
ious  models  and  compared  with  the  experimental  data.  These  models  can  be  classified  as 
the  fission  models,  where  only  the  barrier  penetrabilities  are  calculated,  and  the  preformed 
cluster  models,  where  the  cluster  is  assumed  to  be  formed  before  it  penetrates  the  barrier 
and  its  preformation  probability  is  also  included  in  the  calculations.  The  physics  of  the  two 
approaches  is  apparently  different,  though  it  has  been  possible  to  look  for  some  similarities 
between  them  [3]. 

The  purpose  of  this  work  is  to  compare  the  cluster  mode  and  fission  mode  of  cluster 
radioactivity  to  find  the  transition  point  from  one  mode  to  the  other  in  the  case  of  trans-tin 
region  using  our  model.  In  section  two,  we  give  the  description  of  our  model  applicable 
for  treating  cluster  radioactivity  from  trans-tin  region.  The  transition  from  the  cluster  mode 
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to  fission  mode  in  actinide  region  is  discussed  in  the  third  section.  Extension  to  trans-tin 
region  is  discussed  in  §4.  Finally  §5  contains  conclusion. 


2.  Our  model 


In  order  to  study  such  cluster  radioactivity,  we  have  developed  a  model  (CYEM)  [4]  in  two 
sphere  approximation  in  which  the  zero-point  vibration  energy  is  explicitly  included  with¬ 
out  violating  the  conservation  of  energy  and  the  nuclear  inertial  mass  coefficient  dependent 
on  the  centre  of  mass  distance  has  been  used.  We  have  already  demonstrated  the  success  of 
this  model  by  applying  it  to  the  cases  of 14 C,  24 Ne  [4]  and  also  extended  [5]  this  model  for 
the  emission  of  fragments  heavier  than  24  Ne  from  uranic  and  trans-uranic  nuclei.  Recently, 
we  have  also  extended  [6,7]  this  model  for  the  newly  predicted  trans-tin  region  incorpo¬ 
rating  the  most  important  cluster  deformation.  In  the  case  of  newly  discovered  trans-tin 
cluster  radioactivity  the  daughter  nuclei  are  formed  around  the  doubly  magic  100Sn,  the 
deformations  of  the  clusters  are  very  large  and  hence  they  have  to  be  incorporated  in  the 
lifetime  calculations. 

In  our  earlier  version  of  the  model  [8],  we  have  treated  the  parent  and  the  daughter  nuclei 
spheroid,  keeping  the  cluster  as  spherical.  But  in  this  work  the  parent  and  the  emitted 
cluster  are  considered  to  be  spheroid,  keeping  the  daughter  as  spherical.  If  the  emitted 
cluster  has  a  deformation,  say  quadrupole  deformation  only,  while  the  daughter  nucleus 
is  spherical  and  if  the  Q-value  of  the  reaction  is  taken  as  the  origin,  the  potential  for  the 
post-scission  region  as  a  function  of  the  centre  of  mass  distance  r  of  the  fragments  is  given 
by 

V(r)  =  Vc(r)  +  Vn (r)  -  Vdf(r)  -  Q.  (1) 


Here,  Vc  is  the  Coulomb  potential  between  a  spheroidal  emitted  cluster  and  spherical 
daughter,  Vn  is  the  nuclear  interaction  energy  due  to  finite  range  effects  of  Krappe  et  al; 
and  Vdf  is  the  change  in  the  nuclear  interaction  energy  due  to  quadrupole  deformation  /?2 
of  the  emitted  cluster. 

The  Coulomb  potential  between  the  emitted  fragments  is  taken  as  the  interaction  of 
a  spheroidal  emitted  cluster  and  a  spherical  daughter.  For  a  prolate  spheroidal  emitted 
cluster  with  longer  axis  along  the  fission  direction,  Pik-Pichak  obtained 


ZdZee2is 

r 


v  2  V  -  1 


(2) 


and  for  an  oblate  spheroidal  emitted  cluster  with  shorter  axis  along  the  fission  direction, 
Vc{r )  =  ^  ZdZee  ^  arctan  ^  #  (3) 

Zj  t* 

For  the  overlapping  region,  we  approximate  the  potential  barrier  by  a  third-order  poly¬ 
nomial  in  r  having  the  form  [4] 


V(r)  =  -Ev  +  [V{rt)  +  Ev\ 


~Se{vr=v)  }’  ri-r~rt 


(4) 
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where 


rt  —  &e  +  Rd  • 


(5) 


Here,  ae  is  the  semi-major  or  minor  axis  of  the  spheroidal  cluster  depending  on  the  prolate 
or  oblate  shape  of  the  emitted  cluster;  and  ri  is  the  distance  between  the  centres  of  mass  of 
the  daughter  and  the  emitted  particle  portions  in  the  spheroidal  parent  nucleus. 

Expressing  the  energies  in  MeV,  lengths  in  fm  and  time  in  seconds,  for  calculating  the 
lifetime  of  the  decay  system  we  use  the  formula 


T  — 


1.433  x  10~21 

Ev 


[1  -f  exp(if)]. 


The  action  integral  K  is  given  by 


k  =  kl  +  kr, 


where 


Kl  =  l2Br(r)V(r)]l/2  dr 

and 

Kr  =  l  [2Br(r)V(r)}1/2  dr. 


(6) 

(7) 

(8) 


(9) 


The  limits  of  integration  ra  and  r &  are  the  two  appropriate  zeros  of  the  integrand  which 
are  found  numerically. 


3.  Transition  from  cluster  mode  to  fission  mode  in  actinide  region 

Poenaru  et  al  have  discussed  the  applicability  of  the  cluster  mode  or  the  fission  mode  for 
studying  cluster  radioactivity  in  the  actinide  region  and  have  found  out  that  the  transition 
from  one  mode  to  other  takes  place  around  Ae  =  31.  They  have  considered  the  parametri- 
sation  of  two  intersecting  spheres  with  constant  radius  Re  of  the  light  fragment  (cluster 
mode)  or  with  constant  volume  Ve  of  the  light  fragment  (fission  mode).  They  have  con¬ 
cluded  that  cluster  mode  is  preferred  for  studying  cluster  radioactivity  for  Ae  <  31,  the 
fission  mode  is  more  suitable  for  Ae  >  31  [9]. 


4.  Extension  to  trans-tin  region 

We  have  applied  our  model  to  study  the  emission  of  12C,  160,  20Ne,  24Mg,  28Si  [10]  etc 
from  the  trans-tin  region  and  compared  with  that  of  Poenaru  et  al  [11].  In  the  figures  1-3, 
we  give  the  life  times  for  the  decay  of  lighter  to  heavier  clusters  where  the  deviation  of  the 
results  obtained  by  our  fission  model  and  the  cluster  model  is  found  to  become  large  after 
160  emission. 
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Figures  1-3.  Lifetimes  for  the  decay  of  lighter  to  heavier  clusters. 


5.  Conclusion 

Even  though  the  preformed  cluster  model  can  be  used  for  cluster  radioactivity,  still  there  is 
a  distinction  between  cluster  mode  and  fission  mode.  Thus  we  conclude  that  fission  model 
is  more  apt  for  all  cluster  decays  while  the  pre-cluster  model  is  quite  applicable  for  the 
lighter  clusters. 
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Nuclear  structure  studies  of  nuclei  near  N  =  80 
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Abstract.  High-spin  states  in  135,136Ba,  136La,  137Ce,  139Nd  were  populated  following  (HI,  %n) 
reactions  and  subsequent  radiation  was  studied  using  in-beam  7-ray  spectroscopy  methods.  Level 
schemes  with  new  states  belonging  to  the  above  mentioned  nuclei  are  given. 

These  nuclei  situated  near  N  =  80  have  been  analysed  within  the  framework  of  the  interacting- 
boson  model  (IBM),  applied  to  the  description  of  even-even,  odd-even  and  odd-odd  nuclei  to 
calculate  excitation  energies  and  electromagnetic  properties  for  the  above  mentioned  nuclei. 

Keywords.  Nuclear  structure;  interacting  boson  model. 

PACS  Nos  21.10.Tg;  23.20.Lv 


1.  Introduction 

The  nuclei  situated  near  TV  =  80  are  in  a  mass  region  of  transitional  nuclei,  where  they 
show  a  gradual  change  from  a  nearly  vibrational  structure  to  one  with  similarity  to  a  ro¬ 
tational  band  structure.  In  the  study  of  nuclei  near  closed  shell  configurations,  one  can 
expect  the  interplay  between  collective  degrees  of  freedom  and  specific  shell-model  exci¬ 
tations  (two,  or  three  particle  clusters)  to  determine  the  experimental  spectra. 

This  study  as  part  to  a  program  [1-3]  to  study  the  nuclear  structure  near  N  =  80  reports 
our  results  on  135T36ga?  136^  137ce?  anci  139Nd  nuclei.  The  previous  experimental  infor¬ 
mation  on  135,i36 ga  nuciej  js  very  limited,  it  comes  from  /?-decay,  (71,717)  and  Coulomb 
excitation  [1,2,4]. 


2.  Experimental  procedures  and  results 

The  high-spin  states  in  the  above  mentioned  nuclei  have  been  studied  using  the  nuclear  re¬ 
actions  induced  by  9Be,  10,11B,  12C  and  160  ions.  The  heavy  ions  were  delivered  by  FN- 
Tandem  accelerator  of  the  NINPE,  Bucharest  with  energies  in  the  range  of  30-64  MeV. 
The  experimental  information  was  deduced  from  7-ray  singles  spectra  as  well  as  from 
excitation  functions,  7  —  7 (t)  coincidences  and  angular  distributions.  The  placement  of 
7-ray  in  the  level  scheme  was  based  on  coincidence  relationship  and  relative  transition 
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Figure  1.  The  systematics  of  the  ground-state  band  in  134-135’136Ba  nuclei. 


intensities.  The  spin  and  parity  assignments,  the  multipole  mixing  ratios  5  were  deduced 
from  the  angular  distribution  analysis. 

Our  results  confirmed  most  of  the  previously  known  levels  in  above-mentioned  nuclei 
[4-8]  and  level  schemes  were  extended  with  the  spin  and  the  excitation  energy,  many  new 
levels  and  bands  were  observed. 

New  experimental  information  is  obtained  for  the  ground  band  in  136Ba  which  is  ex¬ 
tended  from  6+  state  to  12+  state  and  yrast  band  built  on  1 1/2“  in  135Ba  (figure  1).  A  new 
band  A  J  =  1  built  on  the  204  transition  was  observed  in  135Ba  as  well  as  in  other  N  =  79 
isotones:  137Ce  and  139Nd  in  the  present  work  (figure  2). 


3.  Discussion 

3.1  Level  structure  of  the  135436ga  nucief 

The  ground  state  in  136Ba  is  very  similar  to  those  of  N  —  80  isotones:  138Ce,  140Nd,  142Sm 
and  144Gd.  From  figure  1,  the  band  built  on  /in/2-  has  energy  spacings  very  similar  with 
the  ground  state  band  in  136Ba  and  not  with  134Ba  nucleus,  leading  to  the  conclusion  that 
135Ba  nucleus  can  be  interpreted  as  neutron  hole  coupled  to  136Ba  core. 

3.2  A  J  —  1  bands  in  N  =  79  nuclei:  135Ba,  137Ce,  139Nd 

We  observed  for  the  first  time  a  A  J  —  1  band  on  the  23/2“  state  in  135Ba,  137Ce,  139Nd 
(N  —  79)  and  also  observed  previously  in  141  Sm,  143Gd  and  145Dy  [6,8].  The  excitation 
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Figure  2.  The  systematics  of  the  A  J  =  1  band  N  =  79  nuclei. 


energy  of  23/2  states  in  TV  =  79  isotones  follows  the  same  trend  of  the  experimentally 
known  (ft  hi  1/2 )2  10+  excitation  at  TV  =  78  and  /V  =  80.  These  bands  probably  involve 
core  excitations  coupled  to  the  1  hole-2  particle  states  (see  figure  2). 


3.3  IBM  calculations  for  the  135d36ga^  i37j^a  an(^  i36^a  nucie( 

In  the  last  decade  the  interacting  boson  model  (IBM)  was  extensively  applied  to  the  de¬ 
scription  of  even-even  nuclei.  Its  extension  to  boson-fermion  systems,  the  interacting 
boson-fermion  model  (IBFM)  [9,12]  was  applied  to  odd-even  nuclei.  Recently,  the  model 
was  extended  to  odd-odd  nuclei  [10,11]  and  referred  to  as  interacting  boson-fermion- 
fermion  model  (IBFFM). 

The  calculation  of  135Ba  and  137La  is  performed  within  the  framework  of  IBFM  by  the 
coupling  of  valence-shell  neutron  quasiparticles  and  proton  quasiparticles,  respectively  to 
the  IBM  core  136Ba.  The  core  nucleus  136Ba  was  fitted  by  using  a  boson  parameterization, 
which  is  an  interplay  between  U(5)  and  0(6)  symmetries.  The  nuclear  structure  of  odd-odd 
TV  =  79  isotone  136La  is  described  within  the  framework  of  IBFFM  by  coupling  of  proton 
and  neutron  quasiparticles  to  even-even  core  136Ba.  The  proton  orbitals:  lg7/2,  2 d5/2  and 
l/in/2  describe  the  structure  of  137La  and  the  neutron  orbitals:  2d3/2,3s1/2  and  1  hn/2 
describe  the  structure  of  135Ba  nucleus.  We  performed  IBFFM  calculations  for  136 La  with 
the  residual  proton-neutron  parameterization  [10],  Vs  =  -0.3  and  Vaas  =  0.01.  We 
have  calculated  the  positive  and  negative  parities  and  compared  them  with  experimental 
levels  in  figure  3.  The  observed  level  energy  spectra  are  reasonably  well  described  by  the 
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Figure  3.  The  experimental  and  the  calculated  energy  spectra  for 136  La. 

IBFFM.  The  calculated  E2  and  Ml  electromagnetic  properties  are  also  in  agreement  with 
the  observed  ones. 


4.  Conclusions 

This  paper  describes  a  part  of  an  extensive  work  to  investigate  the  experimental  and  theo¬ 
retical  properties  of  the  transitional  nuclei,  situated  near  N  —  80.  New  bands  have  been 
established  in  all  nuclei  following  (HI,  xn)  reactions. 

The  experimental  energy  level  spectra  electromagnetic  properties  were  compared  with 
the  calculations  using  the  interacting  boson  model  (IBM)  with  its  versions  for  even-even, 
odd-even  and  odd-odd  nuclei. 
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The  simulations  of  Ca-Ca  collisions:  Binary  break-up, 
onset  of  multifragmentation  and  vaporization 
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Abstract.  The  incomplete  fusion,  onset  of  multifragmentation  and  vaporization  is  studied  in  Ca- 
Ca  collisions  at  bombarding  energies  between  20-1000  A  MeV  and  at  impact  parameters  between 
b  —  0  to  6m ax  using  quantum  molecular  dynamics  model.  We  find  incomplete  fusion  events  at 
E/A  =  20  MeV.  The  light  mass  fragment  production  at  a  given  incident  energy  does  not  show  any 
rise  and  fall  with  a  change  in  the  impact  parameter.  Whereas,  the  IMF  production  at  higher  energies 
(>  150  A  MeV)  has  a  clear  rise  and  fall. 

Keywords.  Quantum  molecular  dynamics;  multifragmentation;  rapidity;  flow. 
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1.  Introduction 

The  most  interesting  domain  of  the  incident  energy  in  heavy  ion  collisions  is  be¬ 
tween  20  A  MeV  to  1000  A  MeV  where  one  can  have  incomplete  fusion,  fusion-fission, 
multifragmentation  or  a  complete  disassembly  of  the  excited  nuclear  matter  [1].  The  new 
experimental  studies  of  the  multifragmentation  have  revealed  that  it  is  a  very  complicated 
phenomenon  which  depends  crucially  on  the  bombarding  energy  and  on  the  impact  param¬ 
eter.  Here  we  plan  to  understand  the  complex  dependence  of  the  light  mass  and  intermedi¬ 
ate  mass  fragments  on  bombarding  energy  and  impact  parameter  by  carrying  a  systematic 
study  of  the  formation  of  fragments  and  their  properties  in  Ca-Ca  collision  using  quantum 
molecular  dynamics  (QMD)  model  [2]. 


2.  The  model 

The  simulations  of  Ca-Ca  collisions  are  performed  using  QMD  model  [2],  where  each 
nucleon  is  described  by  a  Gaussian  in  momentum  and  coordinate  space  and  the  centroid  of 
each  nucleon  propagates  using  the  Hamiltonian  equations  of  motion: 

d fj  _  <9#  dpi  _  dH 

d  t  dpi  ’  d  t  dfi 

with  Hamiltonian 


91 


Rajeev  K  Puri  and  Suneel  Kumar 


A  _»2  -i  A  A 


«&+«?)• 
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The  uyk ,  and  wc  appearing  in  eq.  (2)  are,  respectively,  the  Yukawa,  Skyrme  and 
Coulomb  interactions.  For  details,  the  reader  is  referred  to  ref.  [2]. 


3.  Results  and  discussion 

In  the  present  study,  a  hard  equation  of  state  with  energy  dependent  cross-section  is  used. 
We  follow  the  time  evolution  of  nucleons  till  200  fm/c  and  then  construct  the  fragments 
using  the  minimum  spanning  tree  method  which  allows  two  nucleons  to  share  the  same 
fragment  if  their  centroids  are  closer  than  4  fm. 

In  figure  1,  we  display  the  final  multiplicities  (at  200  fm/c)  as  a  function  of  the  scaled 

A 

impact  parameter  b  —  6/6max.  The  displayed  quantities  are:  the  largest  fragment  Amax, 
emitted  nucleons,  light  mass  fragments  (LMFs)  (2  <  A  <  4)  and  intermediate  mass  frag¬ 
ments  (IMF’s)  (5  <  A  <  25).  The  Amax  will  give  us  possibility  to  look  for  fusion  in 
Ca-Ca  collisions.  Whereas  the  emission  of  nucleons  will  show  the  disassembly  (and  hence 
the  vaporization)  of  the  matter.  At  low  energies,  few  nucleons  are  emitted  from  the  excited 
compound  system  which  is  followed  by  the  emission  of  the  LMFs.  In  some  cases  (spe¬ 
cially  at  non-central  collisions),  the  excited  system  decays  in  two  steps:  (i)  it  fissions  into 
two  parts  (the  binary  break-up)  and  (ii)  these  fissioned  products  emit  nucleons/LMFs.  The 
A.max  yields  several  interesting  points:  (i)  One  clearly  sees  a  partial  fusion  at  20AMeV 

A 

for  b  (—  5/6max)  =  0.45-0.75.  (ii)  The  Amax  at  low  energies  is  nearly  independent  of 
the  impact  parameter.  Whereas  a  stronger  impact  parameter  dependence  is  observed  at 
higher  energies.  This  can  be  understood  on  the  ground  that  at  low  energies,  the  avail¬ 
able  phase-space  is  too  small  to  allow  the  frequent  nucleon-nucleon  collisions.  Therefore, 
the  variation  in  the  impact  parameter  at  low  energies  has  a  least  effect  on  Amax.  At  higher 
bombarding  energies  (>  100  A  MeV),  the  dynamics  is  dominated  by  the  frequent  nucleon- 
nucleon  collisions  which  depend  strongly  on  the  impact  parameter. 

The  emission  of  nucleons  increases  with  increase  in  the  bombarding  energy  for  central 
and  semi-central  collisions.  In  central  collisions  at  1000  A  MeV,  nearly  90%  of  the  nuclear 
matter  ends  emitted  nucleons.  If  we  label  the  phenomenon  with  «  60%  matter  emitted 
nucleons  as  ‘vaporization’ ,  we  see  the  vaporization  for  central  collisions  above  200  A  MeV. 

The  LMFs  production  in  central  collisions  peaks  around  150-200  A  MeV.  This  peak 
vanishes  for  peripheral  collisions.  The  IMFs  show  a  clear  transition  from  multifragmen¬ 
tation  to  complete  disassembly  of  the  nuclear  matter  at  central  collision.  We  notice  a  rise 
and  fall  in  IMFs  production  with  increase  in  the  bombarding  energy  in  central  collisions. 
The  peak/plateau  in  IMFs  production  has  also  been  observed  recently  [1].  The  variation 
of  LMFs  and  IMFs  with  impact  parameter  yields  different  results:  (i)  There  is  no  rise  and 
fall  in  the  LMFs  production  with  a  change  in  the  impact  parameter,  (ii)  The  IMFs  clearly 
show  a  rise  and  fall  for  bombarding  energies  >  150  A  MeV.  The  plateau  of  the  peak  in  the 
multiplicity  decreases  with  increase  in  the  bombarding  energy  till  400  A  MeV  and  remains 
the  same  for  further  change  in  the  incident  energy.  This  is  simply  due  to  the  fact  that  the 
mass  of  the  system  is  very  small.  Therefore,  after  certain  excitation  energy,  the  final  struc¬ 
ture  will  no  longer  change.  We  also  see  the  onset  of  the  multifragmentation  around  60  A 
MeV  where  the  IMF  production  is  maximum. 
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Simulations  ofCa-Ca  collisions 


max 


Figure  1.  Different  fragment  multiplicities  as  a  function  of  the  scaled  impact  parameter 
b  =  6/6max.  Here  we  simulate  Ca-Ca  reaction  for  500  events. 


Figure  2.  (a)  The  rapidity  distribution  of  nucleons  emitted  in  Ca-Ca  collisions,  (b)  The 
nuclear  flow  as  a  function  of  rapidity. 


In  figure  2(a)  and  (b),  we  display  the  rapidity  distribution  ( dN/dY )  and  the  flow  (px/A) 
of  nucleons  at  b  =  4.5  fm.  Here  different  curves  display  the  results  at  various  incident 
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energies.  We  notice  that  at  low  energies  (<  60  MeV/A)  nucleons  overlap  in  momentum 
space  and  as  a  result  one  sees  a  peak  at  mid-rapidity  region.  On  the  other  hand,  peaks  at 
target  and  projectile  rapidities  occur  at  higher  incident  energies  indicating  non-equilibrium 
situation.  Note  that  the  rapidity  distribution  depends  strongly  on  the  number  of  nucleons 
emitted.  The  flow  ( px/A )  depicts  well-known  behavior.  The  nuclear  flow  is  negative  at 
lower  incident  energies  which  becomes  repulsive  (+ve)  at  higher  incident  energies. 

We  also  see  an  increase  in  the  slope  of  flow  with  increase  in  the  incident  energies.  Note 
that  at  some  incident  energy,  the  nucleonic  flow  will  disappear. 


4.  Summary 

We  have  carried  out  a  systematic  study  of  the  formation  of  fragments  and  their  properties 
in  Ca-Ca  collisions.  Our  results  clearly  indicate  that  (i)  the  simulations  at  20  A  MeV  show 
several  events  of  partial  fusion,  (ii)  A  rise  and  fall  in  the  fragment  production  in  central 
collisions  with  an  increase  in  the  bombarding  energy,  (iii)  The  IMF  multiplicity  is  max¬ 
imum  at  central  collision  and  it  decreases  with  increase  in  the  impact  parameter  at  lower 
energies  whereas  it  has  a  clear  rise  and  fall  at  higher  energies.  The  rapidity  distribution 
of  nucleons  indicates  non-equilibrium  at  higher  incident  energies.  The  nucleonic  flow  is 
negative  at  low  incident  energies  which  becomes  positive  at  higher  incident  energies. 
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Abstract.  High  spin  states  of  72,73,74 Se  nuclei  are  discussed  using  calculations  from 
Nilsson  Strutinsky  method  with  tuning  to  fixed  spins.  The  low  spin  anomaly  in  the 
of  these  nuclei  is  interpreted  in  a  rotational  co-existence  picture.  High  K  rotational 


1.  Introduction 

Rotational  co-existence  can  be  defined  as  the  situation  in  which  a  nucleus  having  the  same 
spin  and  shape  but  with  axis  of  rotation  coinciding  with  or  perpendicular  to  the  axis  of 
symmetry.  Nuclei  exhibiting  such  property  may  give  rise  to  rotational  isomers  (or  K- 
isomers).  Large  non-axial  fluctuations  can  carry  such  nuclei  from  axially  symmetric  pro¬ 
late  or  oblate  shapes  with  K  —  I  to  the  same  shapes  with  K  =  0,  penetrating  a  barrier  in 
the  ($  —  7  space  [1].  Such  a  mechanism  is  referred  to  as  7-tunneling,  which  may  give  rise 
to  high  K- isomers.  The  main  aim  of  this  work  is  to  construct  the  potential  energy  surfaces 
of  the  selenium  isotopes,  72,73,74Se  at  various  spins  to  look  for  the  occurrence  of  rota¬ 
tional  co-existence.  This  is  done  using  the  cranked  Nilsson  Strutinsky  method  (CNSM) 
with  tuning  to  fixed  spins  [2].  The  effectiveness  of  the  CNSM  in  interpreting  the  spec¬ 
tra  of  nuclei  at  high  spins  and  in  predicting  the  occurrence  of  such  rotational  isomers  has 
been  explicitly  discussed  in  [1,3,4].  In  this  paper  we  will  focus  on  the  theoretical  study  of 
the  competition  between  aligned  and  collective  configurations  and  look  at  overall  trends 
within  the  yrast  bands  of  72,73,74 Se.  Irregularities  observed  along  the  yrast  positive  parity 
bands  of  70,72,74Se  nuclei  are  well  known  and  have  been  so  far  interpreted  in  a  shape  co¬ 
existence  picture  [5].  Besides  a  varying  collectivity  reflected  by  the  B(E 2)  values,  they 
exhibit  pronounced  single-particle  and  shell  effects  [6].  Experimental  studies  have  been 
recently  pursued  at  the  Nuclear  Science  Centre,  New  Delhi  to  obtain  the  high  spin  states 
of  these  nuclei  [7]. 


2.  Theoretical  framework 

The  shell  energy  calculation  for  non-rotating  case  (I  =  0)  assumes  a  triaxial  Nilsson  single 
particle  field  [2]. 
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The  Strutinsky  shell  correction  method  is  adapted  to  I  ^  0  case  by  suitably  tuning  the 
angular  velocities  to  yield  fixed  spins.  For  unsmoothened  single  particle  level  distribution 
we  have 


1  = 


(1) 


and 


A 


Esp  =  I  gieudeu  +  TiujI  =  +  TiujI, 


—  oo 


(2) 


where  ra^s  are  the  spin  projections  and  e^s  are  the  single  particle  energies  of  the  cranked 
Nilsson  Hamiltonian. 

For  the  Strutinsky  smeared  single  particle  level  distribution,  (1)  and  (2)  transform  into 


and 


g2deu’  = 


12  (m) 


i 


(3) 


A 


In  the  tuning  method  we  have  adapted  [2],  the  total  spin  is  calculated  as 


u= 1 


7T  —  1 


U> 


IT 


(5) 


The  above  relation  allows  us  to  select  numerically  the  uj  values  that  correspond  to  the 
chosen  integer  or  half  integer  spins.  Obviously  the  corresponding  frequency  values  c j  (/) 
change  from  one  deformation  point  to  another  and  the  corresponding  calculation  have  to 
be  repeated  accordingly. 

The  total  energy  is  given  by 

Etot  =  -Erl dm  +  {Es p  -  Esp)  (6) 

where  the  rotating  liquid  drop  energy  at  constant  spin 

-ErlDM  =  -EldM  -  -^rig^2  +  TlUjI.  (7) 

Here  the  liquid  drop  energy  jEldm  is  given  by  the  sum  of  Coulomb  and  surface  ener¬ 
gies  and  Srig,  the  rigid  body  moment  of  inertia  defined  by  p  and  7  including  the  surface 
diffuseness  correction. 
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Rotational  co-existence  in  selenium  isotopes 


Figure  1.  The  relation  between  shape  of  nuclei  rotating  around  the  z-axis  and  various 
values  of  deformation  parameter  7. 


Figures  2-4.  Energy  vs.  spin  plots  for  the 
nuclei  72,73,74Se. 


The  resulting  energies  are  normalized  according  to  the  Strutinsky  prescription  and  then 
the  minimum  at  fixed  spin  over  different  deformations  is  searched  for. 


3.  Details  of  calculations 

The  calculations  are  carried  out  by  varying  u  values  in  steps  of  0.02  u0  from  lu  =  0  to 
uj  =  0.16cjo,  ^0  being  the  oscillator  frequency.  Since  we  are  interested  in  non-collective 
oblate  (7  =  -180°),  collective  prolate  (7  —  -120°)  and  collective  oblate  (7  =  -60°) 
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shapes,  7  is  varied  from  —180°  to  —60°  in  steps  of  10°.  The  (3  values  are  varied  from  /3  = 
0.0  to  f3  =  1  in  steps  of  0.1.  The  k  and  /a  values  are  taken  as  the  same  for  all  the  shells  and 
are  given  below  as 

/c(P)  =  0.068,  /x(P)  =  0.48 

«(N)  =  0.071,  ju(N)  =  0.36. 

In  these  first  calculations  pairing  has  been  omitted. 


4.  Rotational  co-existence  in  72»73T4§e  nuciej 

Within  a  given  axially  deformed  nucleus,  we  define  the  term  ‘rotational  isomers’  as  two  (or 
more)  states  of  the  same  spin  and  similar  gross  shape  but  with  the  spin  vector  in  different 
directions  [3].  In  this  work,  only  oblate  isomers  have  been  proposed.  These  correspond  to 
collective  rotation  with  the  spin  vector  perpendicular  to  the  symmetry  axis  and  to  aligned 
coupling  along  the  symmetry  axis.  The  aligned  isomers,  often  referred  to  as  ‘rotating 
around  the  symmetry  axis’  need  not  possess  a  long  lifetime  (e.g.,  nano-seconds  or  longer). 
The  7-tunneling  framework  provides  a  natural  explanation  for  the  rotational  co-existence. 
The  7-tunneling  path  is  assumed  to  be  the  path  of  steepest  ascent  to  the  saddle  point  and 
steepest  descent  from  the  saddle  point.  In  order  to  detect  the  rotational  co-existence  and  to 
pin  point  the  spins  at  which  it  occurs,  energy  vs.  spin  plots  are  constructed  for  the  nuclei 
72,73,74^  are  shown  in  figures  2,  3  and  4  respectively.  The  potential  energy  surfaces 
for  all  the  three  nuclei  are  found  to  be  looking  very  similar  at  fixed  spins.  The  ground  state 
shapes  of  these  nuclei  are  clearly  oblate  with  (3  «  0.2,  which  is  preserved  to  high  spins  up 
to  24ft.  The  yrast  state  is  found  to  be  non-collective  oblate.  The  7-softness  of  these  nuclei 
is  clearly  observed.  Competing  minima  are  found  to  occur  along  non-collective  oblate, 
collective  oblate  and  collective  prolate  lines.  At  lower  spins,  the  competition  between  the 
non-collective  oblate  and  collective  oblate  states  is  significant  which  may  cause  rotational 
isomers.  In  the  case  of  72,74 Se  nuclei,  one  interesting  feature  we  observe  is  that  at  a  spin 
of  4ft  and  6ft  respectively,  the  collective  oblate  and  non-collective  shapes  coexist.  This 
can  be  clearly  seen  in  figures  2  and  4.  Thus  there  is  a  strong  indication  of  the  existence 
of  rotational  isomers  at  the  spin  of  4ft  where  the  competition  between  the  collective  and 
single  particle  states  occurs.  Such  a  crossing-over  of  non-collective  and  collective  oblate 
lines  is  not  observed  in  the  case  of  73 Se,  which  has  an  odd  number  of  neutrons. 


5.  Conclusion 

It  is  thus  to  be  concluded  that  the  72,74 Se  isotopes  are  good  candidates  to  look  for  rotational 
coexistence  and  if -isomers. 
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Abstract.  Nearly-spherical  nuclei  in  three  mass  regions  have  recently  been  observed  to  exhibit 
rotational-like  features.  We  have  identified  almost  80  such  bands;  largest  number  (43)  lie  in  the  lead 
region.  Most  of  these  bands  are  assigned  oblate  multi-quasiparticle  configurations.  Their  interpre¬ 
tation  in  terms  of  ‘magnetic  rotation’  does  not  allow  for  signature  splitting  in  these  bands.  We  have 
however  found  signature  splitting  as  well  as  signature  inversion  in  many  bands.  We  apply  the  two- 
quasiparticle  plus  rotor  model  to  understand  the  occurrence  of  signature  splitting  vis-a-vis  the  role  of 
‘shears  mechanism’  in  these  bands. 
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1.  Introduction 

Nuclear  structure  physics  has  been  witness  to  the  discovery  of  some  very  rare  phenom¬ 
ena  like  superdeformation  [1]  and  halo  structure  in  select  groups  of  nuclei.  One  such 
phenomenon  which  has  recently  been  identified  is  the  occurrence  of  rotational  bands  in 
nearly-spherical  nuclei.  It  has  been  suggested  that  these  bands  arise  out  of  the  rotation  of 
a  magnetic  dipole  formed  out  of  two  or  more  high-j  proton  particles  (holes)  and  high-j 
neutron  holes  (particles),  which  make  up  a  resultant  vector  inclined  at  an  angle  to  the  axis 
of  symmetry.  The  total  angular  momentum  formed  out  of  the  resultant  j  and  a  small  ro¬ 
tational  angular  momentum,  is  also  tilted  to  the  axis  of  symmetry.  It  was  suggested  by 
Frauendorf  [2]  that  further  angular  momentum  is  generated  by  the  closing  of  the  parti¬ 
cle  angular  momenta  towards  the  total  angular  momentum  giving  rise  to  the  name  ‘shears 
mechanism’.  The  rotational  angular  momentum  thus  plays  a  minor  role  in  generating  the 
higher  spin  states.  The  several  particles  generate  a  net  magnetic  dipole  leading  to  the  name 
‘magnetic  rotation’  (MR). 

In  this  paper,  we  present  evidence  of  strong  signature  splitting  in  many  bands  identi¬ 
fied  as  MR  bands;  signature  inversion  is  also  present  in  some  cases.  We  use  the  two- 
quasiparticle  plus  rotor  model  (TQPRM)  to  simulate  the  conditions  of  ‘shears  mechanism’ 
at  small  oblate  deformation  and  analyse  the  results  to  study  the  compatibility  of  signature 
splitting  with  the  ‘shears’  explanation  of  these  bands. 
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2.  Properties  of  magnetic  rotational  bands  and  TAC 

The  magnetic  rotational  bands  are  expected  to  display  the  following  properties: 

1.  A  A  /  =  1  structure  rather  than  a  A I  =  2  structure. 

2.  Intraband  transitions  are  predominantly  Ml  in  nature.  Crossover  E2  transi¬ 
tions  are  very  weak  or,  absent.  The  ratio  B(M\)/B(E2)  is  therefore  quite  large 
-10-100  (/iiv/eb)2. 

3.  The  bandhead  lies  at  a  high  excitation  energy  (few  MeV)  and  has  a  high  spin 
I  —  10-15  Ti. 

Keeping  these  criteria  in  mind,  we  have  been  able  to  identify  from  the  published  litera¬ 
ture  on  the  experimentally  observed  level  structures,  about  80  MR  bands.  These  are  spread 
in  three  mass  regions  namely  A  =  105-110,  130-140  and  191-202  [3].  While  most  of 
these  bands  have  been  assigned  an  oblate  many-quasiparticle  configuration,  several  prolate 
configurations  have  also  been  assigned  to  bands  in  the  lighter  mass  regions. 

We  find  that  in  addition  to  the  above  mentioned  features,  the  experimentally  observed 
bands  also  exhibit  the  following  features: 

1.  Many  of  these  cascades  do  not  display  a  regular  I  (I  +  1)  behaviour  and  are  quite 
irregular  in  their  structure. 

2.  Large  number  of  MR  bands  display  a  signature  splitting. 

3.  Backbending  is  observed  in  a  large  number  of  cases. 


Figure  1.  Signature  splitting  in  some  of  the  MR  bands  in  Pb  isotopes  as  observed  in  the 
experimental  data.  The  spins  are  not  known  in  the  three  cases  in  the  bottom  panels. 
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The  rotational  motion  is  usually  studied  in  terms  of  the  principal  axis  cranking  (PAC) 
model  and  the  particle  rotor  model  (PRM).  However,  to  explain  the  unusual  features  of 
these  bands,  Frauendorf  suggested  a  tilted  axis  version  of  the  cranking  model  (TAC)  which 
is  able  to  take  care  of  the  ‘shears  mechanism’  of  generating  high  spin  states  [4,5].  One  of 
the  most  important  consequences  of  the  TAC  is  to  mix  the  signature  quantum  numbers.  It 
is  therefore  expected  that  MR  bands  will  not  display  any  significant  signature  splitting  and 
give  rise  to  a  predominantly  A I  —  1  like  structure  with  enhanced  F?(M1)  rates. 


3.  Signature  splitting  in  MR  bands  of  lead  isotopes 

Contrary  to  the  expectations  of  the  TAC,  we  find  that  a  large  number  of  MR  bands  do 
display  a  signature  splitting.  Since  largest  set  of  data  on  these  bands  exists  in  lead  isotopes, 
we  will  concentrate  our  attention  on  signature  splitting  in  lead  isotopes  only.  We  find 
that  out  of  43  bands  classified  as  MR  bands,  as  many  as  14  display  evidence  of  signature 
splitting.  No  judgement  on  the  presence  or  absence  of  splitting  could  however  be  made  in 
many  cases  where  only  4-5  levels  have  been  observed.  In  figure  1,  we  show  the  plots  of 
A£7(I)  vs.  I  for  six  cases.  Here  AEy(I)  =  Ey(I  — >  I  —  1)  —  E1(I  —  1  — >•  1  —  2). 
We  find  that  two  of  the  cases  shown  here  namely,  195Pb,  band  2  and  199Pb,  band  4  also 
exhibit  a  signature  inversion.  Observation  of  such  features  therefore  raises  questions  about 
the  explanation  of  these  bands  in  terms  of  TAC  model. 


4.  Signature  splitting  from  the  particle-rotor  model 

It  is  well-known  that  the  PRM  is  quite  successful  in  explaining  the  rotational  spectra,  and 
such  features  as  odd-even  staggering  and  signature  inversion  in  odd- A  and  odd-odd  nuclei 
[6,7].  This  model  treats  the  angular  momentum  coupling  and  its  dynamics  explicitly  and 
is  quite  suited  to  describe  such  phenomena.  However,  the  MR  bands  are  based  on  many- 
quasiparticles  and  therefore  the  PRM  must  be  extended  to  include  many-particles  which 
makes  this  approach  more  complex.  Keeping  this  in  mind,  we  decided  to  use  the  TQPRM 
for  calculating  the  energies  and  to  plot  the  geometry  of  the  angular  momenta  as  most  of 
the  basic  features  of  tilted-axis  can  be  simulated  here.  Frauendorf  and  Meng  [5]  recently 
compared  the  TQPRM  with  TAC  results  and  found  the  two  compatible  with  each  other. 
The  TQPRM  Hamiltonian  for  an  axially  symmetric  rotor  is  given  by  [8], 

H  =  H[ntr  +  Hrot.  (1) 

The  rotational  part  of  the  Hamiltonian  may  be  further  written  as 

Ti2 

Hrot  —  —  ^3)  T  Hr pC  +  Hppc  T  77jrrot,  (2) 

zA 

where  the  rotation-particle  coupling  (or,  the  Coriolis  term),  particle-particle  coupling  and 
the  irrotational  terms  are  given  by 

h2 

Hrpc  =  +  /-7+)>  O) 
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“I"  jp-jn+). 


(3b) 


tfirrot  =  +  ( il-il )]• 


(3c) 


Here  Is  is  the  component  of  I  along  the  symmetry  axis.  The  operators  I±  =  I\  ±  il2, 
j±  =  ji  ±  ij2,  jn±  =  3m  ±  Un2,  and  jp±  =  jPl  ±  ijP2  are  the  usual  shifting  operators. 
is  the  moment  of  inertia  with  respect  to  the  rotation  axis.  Hamiltonian  (1)  is  diagonalized 
within  the  basis 


|  IMKolo)  = 


21  +  1 


1 1/2 


_167t2(1  +  <$/«))_ 

*[D‘MK\Kap)  +  (-l)I+KDIM_KRi\Kap)}, 


(4) 


where  the  index  ap  characterizes  the  2qp  configuration  (ap  =  pppn)  of  the  odd  proton 
and  the  odd  neutron.  To  explain  the  observed  signature  splitting  in  MR  bands,  we  con¬ 
sidered  a  complete  basis  space  of  hu/2  <8>  *13/2  and  proper  choices  of  Fermi  energy  for 
proton-neutron  configuration  which  may  give  rise  to  the  shears  mechanism. 


5.  Results  and  discussion 

In  figure  2,  we  show  the  staggering  patterns  for  a  deformation  aligned  (DAL)  proton  par¬ 
ticle  in  9/2[514]  and  rotation  aligned  and  mid-shell  neutron  hole  in  l/2[600],  5/2[602] 


Figure  2.  Staggering  patterns  for  a  DAL  proton  particle  in  9/2 [5 14]  and  RAL  and  mid¬ 
shell  neutron  hole  in  l/2[600],  5/2[602]  and  7/2[604]  for  a  small  oblate  deformation 
C2  =  —0.1  and  also  the  result  for  a  DAL  proton  particle  in  9/2 [5 14]  and  a  neutron  hole 
in  7/2[604]  for  deformation  62  =  —0.25. 
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Figure  3.  Geometry  of  particle  angular  momenta  at  I  =  8  and  16  for  small  oblate 
deformation  e2  =  —0.1  (left  panel)  and  for  large  oblate  deformation  e2  =  —0.25  (right 
panel). 

and  7/2[604]  for  a  small  oblate  deformation  (e2  =  —0.1).  We  also  show  the  results  for  a 
deformation  aligned  (DAL)  proton  particle  in  9/2 [5 14]  and  a  neutron  hole  in  7/2 [604]  for 
deformation  (e2  =  —0.25);  we  find  no  signature  splitting  in  the  case  of  normal  deformation 
as  shown  by  long  dashed  line  in  figure  2.  However,  for  (€2  =  —0.1),  a  strong  signature 
splitting  develops  at  I  >  15  in  all  the  cases.  This  is  clearly  an  effect  of  enhanced  Coriolis 
mixing  due  to  small  deformation.  It  is  therefore  not  surprising  that  many  bands  in  Pb  nuclei 
exhibit  signature  splitting.  The  bands  however  remain  quite  regular  from  I  =  9  to  15. 

In  figure  3,  we  show  the  geometry  of  angular  momenta  at  7  =  8  and  16  for  both  small 
as  well  as  large  oblate  deformations.  It  may  be  noted  that  signature  splitting  just  sets  in  at 
7—16  and  therefore  both  the  angular  momenta  correspond  to  situations  where  splitting  is 
minimum.  We  show  the  proton  and  neutron  alignments  and  their  resultant  vectors.  The  1- 
and  3-axis  correspond  to  rotation  and  symmetry  axis  respectively.  The  resultant  j  combines 
with  a  small  rotational  angular  momentum  along  1-axis  to  give  the  total  angular  momentum 
I.  The  tilt  angle  of  the  total  angular  momentum  is  therefore  basically  decided  by  the  tilting 

— t  < 

of  j.  In  case  of  small  oblate  deformation  (left  panel)  we  find  that  as  7  increases  along  a 

— * 

band,  the  proton  and  neutron  alignments  tilt  towards  their  resultant  j  thereby  increasing 

its  magnitude  and  there  is  no  appreciable  change  in  the  tilt  angle  which  the  resultant  j 

makes  with  the  3-axis.  This  is  as  expected  in  the  ‘shears  mechanism’.  On  the  other  hand 

in  case  of  large  deformation  (right  panel),  the  tilting  of  the  proton  and  neutron  alignments 

— ^ 

with  increasing  7  ceases  and  the  resultant  j  does  not  increase  with  7  and  therefore  the 
angular  momentum  is  generated  by  the  rotational  angular  momentum  R.  It  may  therefore 
be  concluded  that  a  small  deformation  is  necessary  for  shears  mechanism  to  occur  and 
particle  rotor  model  can  describe  this  mechanism  quite  well. 

In  figure  4,  we  show  similar  results  for  three  consecutive  angular  momenta  7  =  20,  21 
and  22  which  lie  in  the  region  of  signature  splitting.  The  angular  momenta  7  =  20  and 
22  correspond  to  signature  a  —  0  and  7  =  21  corresponds  to  signature  a=  1.  We  find  that 

— t 

the  tilt  angle  of  the  resultant  j  is  significantly  different  for  the  two  signatures.  Further, 
only  proton  alignment  appears  to  be  closing  with  no  change  in  the  neutron  alignment.  The 
‘shears  mechanism’  is  therefore  not  active  that  strongly  once  the  signature  splitting  sets  in. 
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Figure  4.  Geometry  of  particle  angular  momenta  for  three  consecutive  angular  momenta 
I  =  20,  21  and  22  which  lie  in  the  region  of  signature  splitting  for  small  oblate  deforma¬ 
tion  62  =  —0.1. 


6.  Conclusions 

We  therefore  conclude  that  the  observation  of  signature  splitting  in  many  bands  identified 
as  MR  bands  is  in  line  with  the  results  of  TQPRM  calculations.  The  shears  mechanism 
appears  to  be  valid  only  for  small  deformation  and  weakens  significantly  after  the  signa¬ 
ture  splitting  sets  in  the  bands.  More  detailed  calculations  along  these  lines  including  the 
calculation  of  transition  probabilities  are  in  progress. 
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Relevance  of  thermally  populated  first  excited  state  of  44  Ti 
to  the  abundance  problem  of  Cassiopiea  A:  A  model  study 
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Abstract.  We  examine  the  possible  role  of  electron-capture  on  the  thermally  populated  first  2+ 
excited  state  of  44 Ti  in  hot  astrophysical  environments  pertaining  to  post  explosive  nucleosynthesis 
supernova  debris.  We  find  in  a  simple  schematic  model  that  the  astrophysical  weak  interaction  rate 
for  electron-capture  decay  of  44  Ti  can  depend  considerably  on  temperature  and  hence  on  time.  We 
propose  a  time  varying  decay  rate  for  the  evolving  supernova  debris  and  demonstrate  its  consequence 
for  the  44  Ti  mass  yield  of  the  supernova  Cas  A,  observed  through  the  measured  1.157  MeV  7-ray 
flux  from  the  electron-capture  decay  of  44Ti. 

Keywords.  Nuclear  structure;  electron  capture;  nucleosynthesis;  supernova. 

PACS  Nos  26.50.+x;  23.40.-s;  95.85.Pw;  27.40,+z 


1.  Introduction 

Recent  measurement  [1]  of  1.157  MeV  7-ray  flux  following  the  decay  of  44 Ti  by  the  space- 
borne  instrument  aboard  Compton  Gamma  Ray  Observatory  (CGRO)  leads  to  an  estimate 
of  the  amount  of  44Ti  produced  in  explosive  nucleosynthesis  in  supernova  Cassiopiea  A 
(Cas  A).  It  is  believed  that 44 Ti  yield  can  be  used  to  test  and  calibrate  the  supernova  models. 
The  measurement  shows  a  large  absolute  amount  of  44Ti  mass  (M44Ti >  1  x  1O“4M0)  and 
a  high  M44Ti/M56Ni  abundance  ratio  [2,3],  when  compared  with  theoretical  predictions  of 
spherically  symmetric  collapse-driven  supernova  nucleosynthesis  models.  Recently  Na- 
gataki  et  al  [3]  proposed  axisymmetric  models  for  the  Cas  A  and  obtained  larger  44Ti 
yield.  Thus  the  observed  44Ti  yield  should  be  known  as  accurately  as  possible  before  it 
can  be  used  as  a  probe  for  supernova  models. 

In  calculating  the  total  44Ti  yield  of  the  supernova  using  the  measured  line  flux  of  CGRO 
one  needs  also  the  distance,  explosion  date  of  the  supernova  and  the  half-life  of  44Ti. 
Uncertainty  in  the  measured  terrestrial  half-life  of  44Ti  was  very  large,  ranging  from  39 
to  66.6  years  and  the  results  of  all  the  three  recent  measurements  with  higher  precision 
suggest  a  half-life  of  59.2±0.6  y  for  44Ti  [2,4]. 

An  accurate  determination  of  terrestrial  half-life  of  44Ti  will  reduce  the  uncertainty  of 
the  observed  yield  but  actual  half-life  of  44  Ti  may  be  different  in  the  astrophysical  envi¬ 
ronments.  When  nuclear  statistical  equilibrium  prevail,  electron-capture  (EC)  or  /?-decay 
may  occur  on  thermally  populated  states  as  well  [5]. 
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Contribution  of  these  excited  states  to  the  total  decay  rate  may  sometimes  dominate  over 
that  from  the  ground  state  depending  upon  the  value  of  lepton-fraction  Ye  (lepton/baryon), 
density  (p)  and  temperature  (T)  [5].  Explosive  nucleosynthesis  occurs  in  a  time  scale  of 
~  1  s  and  the  synthesized  nuclei  are  left  in  sufficiently  hot  environment  for  the  next  10-16 
sec  in  expanding  debris.  However,  the  debris  cools  over  a  very  long  time  and  thins  out 
when  7-rays  can  escape.  44Ti  is  believed  to  be  synthesized  during  a-rich  freeze-out  and 
the  peak  temperature  may  be  around  5.5  x  109  K  (0.474  MeV)  and  density  in  the  range 
106-108  gm/cc  [6,3].  Around  the  temperature  0.474  MeV  the  thermally  populated  first 
2+  excited  state  at  1.08299  MeV  of  44Ti  in  nuclear  statistical  equilibrium  may  decay  by 
electron-capture  to  2+  ground  state  of  44 Sc.  This  decay  may  even  occur  through  an  allowed 
Gamow-Teller  electron-capture  transition  with  log  ft  value  less  than  the  two  non-unique 
first  forbidden  transitions  from  the  ground  state  of  44Ti  to  the  1  ~  (Ex  =  0.0679  MeV,  P  = 
0.7%)  and  0~(EX  —  0.1463  MeV,  P  —  99.3%)  excited  states  of  44Sc.  These  two  non¬ 
unique  first  forbidden  transitions  occur  via  orbital  electron-capture  and  the  corresponding 
log  ft  values  too  can  be  different  from  the  terrestrial  ones  in  astrophysical  environments 
[5].  In  this  work  we  examine  in  a  schematic  model,  the  role  of  continuum  electron-capture 
on  the  first  excited  state  and  find  its  consequence  for  the  44Ti  yield  of  the  explosion. 


2.  Formulation 

/ 

In  deriving  a  relation  between  the  measured  7-flux  and  the  44  Ti  yield  one  assumes  the 
decay  rate  of  the  44Ti  nucleus  independent  of  time  (always  equal  to  its  terrestrial  value, 
logA^  =  —9.431,  Al  in  sec-1)  during  the  evolution  of  the  debris  for  a  period  of  ta  y,  the 
age  of  the  supernova.  This  appears  quite  surprising  and  we  expect  that  in  most  general 
situation  the  decay  rate  at  time  t  of  44 Ti  synthesized  in  the  explosion  and  decaying  via 
weak  interaction  should  be  given  by 

-P-  =  47 rD2F7(t)  =  J  n(r,t)\'[Ye(r,t),p(r,t),T{r,t)]dV,  (1) 

where  N  is  the  total  number  of  44Ti  nuclei  at  time  t  in  the  supernova  debris,  D  is  the 
distance  of  the  supernova  from  the  detector  in  Kpc,  F^(t)  is  the  flux  of  characteristic  7- 
line  following  decay  of  44Ti  detected  in  cm-2  sec-1,  n  is  the  number  density  of  the  44Ti 
nucleus  at  a  distance  r  from  the  centre  of  the  supernova  at  time  t,  A'  is  the  decay  rate  in  dV. 
The  decay  rate  A'  is  a  function  of  (Ye,p,T)  at  (r,  t).  The  volume  integral  may  be  taken 
over  the  whole  volume  V  of  the  debris.  Evaluation  of  the  integral  on  the  right  hand  side 
of  eq.  (1)  requires  knowledge  of  stellar  evolution  trajectory  of  the  debris  at  time  t.  Here 
we  replace  A '[Ye(r,t),p(r,t),T(r,t)}  in  eq.  (1)  by  the  value  A (t),  same  throughout  the 
volume  of  the  layer  in  the  debris,  where  44Ti  was  synthesized  during  explosion  (Si-shell) 
and  obtain, 


=  4irD2Fy(t)  =  N(t)\(t).  (2) 

From  eq.  (2)  we  obtain  for  44Ti  the  final  expression  for  the  mass  yield  as 

M«Ti  =  1.39  x  10-4F7(ia)£i2 A"1  (ta)eC  A(()dt,  (3) 
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where  M44Ti  is  in  solar  masses  M0,  and  the  decay  rate  A (t)  of  44Ti  at  time  t  is  in  y-1. 

In  the  post  explosive  nucleosynthesis  expansion  of  the  supernova,  temperature  in  any 
volume  element  changes  with  time.  So  the  time  dependence  of  the  astrophysical  decay  rate 
may  come  from  its  temperature  dependence  (T  =  T(r,t)).  Assuming  nuclear  statistical 
equilibrium  the  expression  for  the  decay  rate  of  44 Ti  at  temperature  T  (in  MeV)  is 


\(t)  ~  \(T(r,t))  = 


ln(2) 


1 


G(T(r,t))  Ui/2(gs) 

5/(Qgs  +  1.08299,  e(r,  t),T(r,  t))  -1.08299/T(r,o 
(ft  1/2(2+  — >■  2+)) 


(4) 


In  eq.  (4)  the  nuclear  partition  function  G(T(r ,  t))  =  1  +  5e-1-082"/T(r’*)  5 /2 (gs)  is  the 
terrestrial  half-life,  f(Qgs  +  1.08299,  •  •  •)  is  the  /- factor  for  the  transition  from  the  first 
2+  excited  state  of  44Ti  to  the  2+  ground  state  of  44Sc,  with  Qgs  (=  0.2645  MeV),  the 
Q-value  for  the  decay  from  the  ground  state  and  (ft  1/2  (2+  -»  2+))  is  the  ft-v  alue  for  this 
transition.  An  estimate  of  the  continuum  electron  capture  (cec)  rate  on  the  first  2+  state  of 
44Ti,  using  the  allowed  Gamow-Teller  nuclear  matrix  element  corresponding  to  log//  =  4 
and  5,  suggest  that  Acec  can  take  drastically  very  low  value  (10-2  — 10-3  sec-1)  around  the 
peak  temperature  0.474  MeV  and  then  quickly  falls  off  with  temperature. 

If  the  actual  log  ft  value  fall  within  the  allowed  GT  range,  the  ti/2(T)  may  be  reduced 
considerably  for  T  >  0.10  MeV.  Consequently  a  non-negligible  fraction  of  the  44Ti  pro¬ 
duced  in  the  explosion  will  decay,  even  if  the  duration  of  this  finite  temperature  situation 
is  small,  and  will  contribute  to  the  early  phase  of  the  supernova  light-curve.  This  implies 
more  44Ti  yield  than  calculated  from  eq.  (3)  with  A (t)  =  A/,,  the  terrestrial  decay  rate. 

We  now  use  a  simple  model  for  the  proposed  time  dependence  of  the  astrophysical 
decay  rate  A (t)  to  calculate  analytically  the  44Ti  mass  using  eq.  (3).  This  is  based  on  the 
behaviour  of  ti/2(T)  we  study  using  eq.  (4)  and  is  given  by 

X(t)  =  1  +  (A0  —  l)e~l/A,  (5) 


where  decay  rates  are  expressed  in  units  of  the  terrestrial  decay  rate  A l-  Ao  is  the  value  of 
the  astrophysical  rate  A(r ,  t  =  0)  just  after  the  explosive  nucleosynthesis  is  over,  chosen  as 
the  origin  of  time  ( t  —  0)  for  the  evolution  of  the  debris.  The  parameters  A,  can  be  viewed 
as  a  time  constant  with  which  the  astrophysical  decay  rate  drops  from  the  peak  value  A0  to 
the  terrestrial  value  during  the  expansion  phase  of  the  debris. 


3.  Results  and  discussion 

We  choose  the  peak  values  of  Ao  =  106-431 , 107  431  in  unit  of  terrestrial  rate  corresponding 
to  an  effective  astrophysical  rate  10-3  and  10-2  sec-1. 

With  eq.  (5)  for  the  A (t)  we  calculate  ( eXL  So  x^dt  _  e^Ltaye\Lta  ancj  obtain  from 
eq.  (3)  an  expression  for  the  change  of  the  44Ti  yield  only  due  to  the  proposed  time  depen¬ 
dence, 


AM44Ti 

iVTM'pj 


e(A0-l)(A//m)(l-e-t-/A)  _  1 


(6) 
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Figure  1.  Variation  of  AM44Ti/M44Ti  with  A.  Ao  is  in  unit  of  terrestrial  rate  A l  and 
is  obtained  from  eq.  (4). 

Here  tm  —  1/Al  is  the  terrestrial  mean  life  of  44 Ti  in  y.  We  have  also  tried  with 
A (t)  —  Ao  —  (Ao  —  l)tanh(£/A),  with  results  qualitatively  similar  to  that  of  the  above 
model. 

In  figure  1  we  show  the  variation  of  A  M44Ti/M44Ti  as  a  function  of  A  for  the  supernova 
Cas  A  for  different  values  of  Ao  corresponding  to  log  ft  =  4,  5.  We  take  ta  =  312  y  for 
the  age  of  the  supernova  Cas  A.  The  figure  demonstrates  that  if  there  is  EC  at  all  on  the 
first  2+  state  of  44 Ti,  and  unless  the  decay  rate  from  the  ground  state  is  reduced  due  to 
stellar  environmental  effects,  the  value  of  M44Ti,  will  be  larger  than  the  value  estimated 
using  constant  terrestrial  decay  rate  and  1.157  MeV  7-flux.  It  may  be  necessary  therefore 
to  pay  attention  to  this  aspect  of  the  Cas  A  abundance  problem  before  using  the  observed 
44Ti  mass  as  a  probe  for  supernova  models. 
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Abstract.  In  this  talk  I  will  discuss  transfer  reactions  between  heavy  ions  with  special  empha¬ 
sis  to  multinucleon  transfer.  I  will  use  a  semi-classical  model  that  incorporates,  in  an  independent 
description,  both  inelastic  excitation  to  collective  states  and  one-particle  transfer  channels.  The  im¬ 
portance  of  evaporation  in  determining  the  isotope  distribution  of  the  final  yields  of  the  reaction  will 
be  discussed. 

Keywords.  Transfer;  multi-nucleon;  neutron  evaporation. 

PACSNo.  25.70. Jj 


1.  Introduction 

The  outstanding  characteristic  of  heavy  ion  collisions  at  energy  close,  and  even  below,  the 
Coulomb  barrier  is  the  interplay  between  several  channels  (or  if  you  prefer  several  degrees 
of  freedom).  The  coupling  among  these  degrees  of  freedom  results  in  important  multi-step 
contributions  to  some  specific  channels.  The  number  of  channels  (degrees  of  freedom) 
involved  in  a  given  situation  depend  upon  the  chosen  representation.  We  invoke  the  stan¬ 
dard  degrees  of  freedom  corresponding  to  the  separated  ions,  viz.,  collective  variables  and 
single  particle  states.  In  this  way  we  can  calculate  the  yields  for  those  channels  that  can  be 
accessed  by  the  experiments. 

One  has  to  keep  in  mind  that  in  special  situations  the  number  of  channels  one  has  to 
include  in  the  calculation  may  be  very  large  so  that  they  cannot  be  treated  explicitly.  In 
such  a  situation  a  macroscopic  description  that  involves  the  degrees  of  freedom  of  the 
combined  system  (neck,  neutron  flow,...)  may  be  more  appropriate.  One  has  however  to 
keep  in  mind  that  in  this  macroscopic  description,  one  misses  the  asymptotic  channels  so 
that  one  can  only  describe  inclusive  experiments. 

The  presence  of  multi-step  contributions  to  specific  reaction  channel  shows  itself  in 
several  cases:  elastic  scattering  via  the  polarization  potential,  inelastic  scattering  via  the 
energy  dependence  of  the  form-factors,  fusion  enhancement,  multiple  particle  transfer.  In 
this  talk  I  will  be  mostly  concerned  with  single  particle  degrees  of  freedom,  in  particular 
I  will  discuss  particle  transfer  reactions  with  special  attention  to  the  multinucleon  transfer 
channels.  In  doing  so  I  will  make  use  of  a  model  GRAZING  [1-4]  developed,  over  many 
years,  at  the  Niels  Bohr  Institute  (Copenhagen)  and  that  has  been  used  very  successfully 
in  the  description  of  grazing  reactions.  In  particular  one  has  been  able  to  elucidate  the 
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importance  of  one-particle  transfer  channels  in  the  imaginary  part  of  the  optical  potential 
[5,6]  and  also  in  the  polarization  potential  [7]. 

This  talk  will  be  organized  as  follows,  I  will  introduce  first  a  very  brief  summary  of  the 
theoretical  concepts  avoiding  all  the  technical  details  but  just  listing  the  different  ingredi¬ 
ents  that  define  it,  then  I  will  concentrate  on  the  comparison  with  the  data.  These  were 
taken  at  the  Laboratori  Nazionali  di  Legnaro  (Italy),  with  a  new  time-of-flight  spectrome¬ 
ter  with  good  mass  and  charge  resolution  that  allowed  the  identification  of  the  individual 
nuclei  produced  in  the  reactions.  And  then  I  will  discuss  the  importance  of  the  evaporation 
in  determining  the  final  yields  of  the  different  isotopes  produced  in  the  collision. 


2.  The  theory 

In  the  semiclassical  description  of  grazing  reactions  one  uses  a  basis  that  is  a  product  of 
the  eigenstates  of  the  two  separated  ions.  The  relative  motion  is  treated  classically  and  the 
time  dependence  amplitude  cp  of  the  product  eigenstates  'ipp  =  (£b)  is  given  by 

the  following  system  of  coupled  equations 

ihcpit)  =  ~  U-r) (1) 

7 

that  has  to  be  solved  with  the  initial  condition  cp  =  SQp,  a  being  the  entrance  channels. 
The  potential  U1  is  the  expectation  value  of  the  interaction  V7  (i.e.  the  folding  potential 
in  the  appropriate  channel)  and  determines  the  classical  trajectory  along  which  the  two 
ions  move  (for  more  details  cfr.  [8]).  The  quantity  Qp1  —  Ep  —  E1  defines  the  Q-value 
of  the  transition.  To  calculate  the  physical  observable  one  has  to  solve  the  above  system 
of  coupled  equations  for  each  impact  parameter  p  and  to  use  the  familiar  formulae  of  the 
semiclassical  approximation. 

In  an  heavy  ion  reaction  beside  the  excitation  of  few  inelastic  collective  modes  one 
should  include  also  the  transfer  channels  namely  the  stripping  and  pick-up  of  neutrons 
and  protons.  Since  we  want  to  deal  with  the  transfer  of  many  nucleons  we  must  rely 
on  multistep  transition.  In  this  case  the  number  of  channels  becomes  immediately  very 
large  so  that  the  direct  solution  of  eq.  (1)  becomes  impossible.  We  must  thus  resort  to  a 
simplified  solution. 

We  are  interested,  for  all  impact  parameters,  to  know  the  probability 

P{El,Ma ,  Na,  Za,  ■■■)  =  (m\(S(Ea  -  Ha)S(Ea  -  Ha),  ■  ■  ■  |*(t)>  (2) 

to  have  a  final  state  with  products  of  mass  Ai  =  Ni  +  Zi,  excitation  energy  E*  and  angular 
momentum  Mi  (i  =  a,  A).  Following  refs  [1-3]  the  calculation  of  the  above  probability  is 
done  by  introducing  the  characteristic  function 

Z(0aJA,---)  =  (3) 

once  this  function  is  calculated  the  above  probabilities  are  obtained  via  Fourier  transforms. 
The  single  particle  operators  that  enter  in  the  definition  of  the  probability  introduced 

A  /V 

above  are  the  intrinsic  Hamiltonians  Hi,  the  intrinsic  angular  momentum  Mi  the  numbers 
operators  TV*  for  neutrons  and  Zi  protons.  In  term  of  the  usual  creation  operators,  for  the 
projectile  system,  they  are  defined 
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Ha  =  eialai  + 

i—7v,v  n 

Ma  =  m*aIa<  + 

i=n,v  n 

Na  —  ^  a*i  &i , 

i—v 

Za  =  ^a\ai,  (4) 

i=n 

with  z  we  have  indicated  the  single-particle  quantum  number  of  energy  e*  and  with  n  the 
quantum  number  of  the  collective  modes  of  energy  hujn.  Similar  expressions  hold  for  the 
target  system. 

The  quantity  |  (t))  is  the  time  dependent  state  vector  of  the  system.  It  may  be  calculated 
from  the  expression: 

!*(*)>  =  r  exp  l- If  ^“(Odi'llO),  (5) 

where  |0)  is  the  entrance  channel,  T  is  the  time  ordering  operator  and  Va(t)  is  the  coupling 
term  written  in  the  interaction  representation. 

To  be  able  to  calculate  the  characteristic  function  I  still  have  to  introduce  the  interaction 
that  governs  the  exchange  of  mass  and  charge  between  the  two  ions  and  the  exchange 
of  energy  and  angular  momentum  from  the  relative  motion  to  the  intrinsic  states.  This 
interaction  term  has  two  components,  one  responsible  for  the  exchange  of  mass  and  charge 
and  a  second  responsible  for  the  excitation  of  the  collective  states.  We  thus  write 

Va  —  Vtr  +  Mn,  (6) 


where 

Vin  =  ^  /n(r)  +  ane~luJnt)  +  (target  system).  (7) 

n 

fn( r)  is  the  collective  form  factors,  proportional  to  the  derivative  of  the  ion-ion  potential, 
for  the  excitation  of  the  collective  state  with  energy  hujn  and  quantum  number  n.  The 
interaction  responsible  for  the  transfer  of  particles  may  be  written  as 


(8) 


where  (r)  are  the  single  particle  form  factors  for  stripping  from  the  single  particle  state  i 
in  the  projectile  to  the  single  particle  j  in  the  target  and  where  (r)  are  the  corresponding 
form  factors  for  pick-up  reactions  [5,8].  Of  course  they  are  function  of  the  relative  distance 
r  and  of  the  momentum  transfer.  The  sum  has  to  be  extended  over  all  neutrons  and  protons 
single  particle  states. 

With  the  definition  of  all  the  operators,  one  is  in  a  condition,  with  standard  technique,  to 
calculate  the  characteristic  function  and  thus  the  probabilities  of  eq.  (2),  for  more  details 
cfr.  [2,  3]. 
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Summarizing,  in  this  model  the  collision  between  two  heavy  ions  has  been  reduced  to 
the  study  of  the  redistribution  in  time  of  nucleons  among  two  single  particle  density  distri¬ 
butions  that  move  along  classical  trajectories.  This  approximation  is  justified,  a  posteriori, 
by  the  fact  that  the  change  in  population  of  the  different  single  particle  states  in  projectile 
and  target  is  quite  small.  At  last  I  want  here  to  remind  that  the  outcome  of  the  reaction 
is  determined  by  the  well  known  form  factors  for  one-particle  transfer  and  the  excitation 
of  collective  states,  from  the  actual  binding  energies  of  the  two  nuclei  and  by  the  average 
single  particle  level  density.  The  actual  values  of  the  cross  sections  for  the  different  chan¬ 
nels  are  determined  by  the  width  of  the  Q-value  windows  that  is  centered  at  the  optimum 
Q-value. 


3.  Comparison  with  the  data 

In  the  last  few  years  at  the  Laboratori  Nazionali  di  Legnaro  (INFN  Italy)  a  systematic 
study  of  transfer  reactions  has  been  undertaken  in  the  hope  to  elucidate  the  importance  of 
transfer  degrees  of  freedom  in  the  enhancement  of  fusion  below  the  Coulomb  barrier  and  in 
understanding  the  transition  from  the  quasi-elastic  to  the  deep-inelastic  regimes.  With  this 
perspective  in  mind  a  new  ‘time  of  flight  spectrometer’  (PISOLO)  [15]  has  been  built  with 
a  mass  and  charge  resolution  such  that  all  the  individual  fragments  produced  in  the  reaction 
could  be  identified.  The  acceptance  of  the  spectrometer  is  quite  large  so  that  very  weak 
channels  and  accurate  angular  distributions  and  excitation  functions  can  be  measured. 

Let  me  start  with  the  last  measurement  concerning  the  64 Ni  +  238 U  collision  at  a  bom¬ 
barding  energy  of  390  MeV  where  transitions  up  to  6  protons  and  6  neutrons  have  been 
clearly  identified  [9].  To  have  an  overview  of  the  results,  figure  1  shows  the  total  cross  sec¬ 
tions,  obtained  after  integration  of  the  angular  and  Q-value  distributions  for  all  the  channels 
where  statistics  is  reasonable  together  with  calculations. 

First  of  all  let  me  remark  how  well  theory  reproduces  the  data  for  pure  neutron  transfer 
channels  demonstrating  the  correct  treatment  of  neutron  transfer  (Op)  on  the  basis  of  inde¬ 
pendent  single  neutron  transfer  modes  (cfr.  also  ref.  [10,11]).  Also  well  predicted  are 


n — r 

(Op) 


T  | 

T 


t 


Figure  1.  Experimental  (points)  and  calculated  (histograms)  angle-  and  Q-value  inte¬ 
grated  cross  sections  for  the  indicated  transfer  products. 
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Figure  2.  Experimental  (points)  and  calculated  (histograms)  angle-  and  Q-value  inte¬ 
grated  cross  sections  for  the  indicated  transfer  products. 

the  isotope  distributions  for  the  (— 1  p)  case,  but,  as  one  moves  along  the  proton  stripping 
direction,  one  sees  that  the  theory  under  predicts  the  population  of  the  light  isotopes  de¬ 
spite  maintaining  a  good  agreement  in  the  neutron  pick-up  side  (heavy  isotopes).  These 
discrepancies  become  more  and  more  evident  moving  toward  channels  with  more  trans¬ 
ferred  protons.  Always  from  figure  1  one  notices  that  for  the  —2 p,  —4 p  and  —6 p  channels 
the  maxima  of  the  isotope  distribution  peak  at  channels  corresponding  to  the  transfer  of 
—2 n,  —4 n  and  —  6n  pointing  to  a  possible  evidence  of  multiple  ce-transfer  channels.  This 
is  however  not  the  case  since  no  odd-even  staggering  is  present  in  the  data,  the  isotope  dis¬ 
tributions  evolve,  as  a  function  of  the  number  of  transferred  protons,  in  a  very  smooth  and 
regular  way  suggesting  that  also  the  protons  behave  as  independent  objects  in  the  transfer 
process. 

Very  similar  results  were  observed  in  other  reaction  [12-14],  here  I  show  just  the  isotope 
distribution  for  the  40Ca  +  124Sn  collision  at  a  bombarding  energy  of  186  MeV  [12].  From 
figure  2,  one  can  draw  the  same  consideration  as  discussed  for  the  238U  case. 

The  theory,  outlined  above,  not  only  allows  the  calculation  of  inclusive  isotope  distribu¬ 
tions  but  also  the  calculation  of  angular  distributions  and  excitation  energy  spectra.  In  fig¬ 
ure  3,  in  comparison  with  the  data,  are  shown  the  angular  distribution  of  several  channels. 
The  continuous  line  corresponds  to  the  calculation  performed  with  the  program  GRAZ¬ 
ING  [4].  The  agreement  is  quite  good  in  all  the  angular  range.  When  many  nucleons  are 
transferred  the  theory  under  predicts  the  cross  section  at  forward  angle  where  contributions 
from  more  complicated  reactions  (deep-inelastic)  may  be  important.  The  theory  is  not  in  a 
condition  to  calculate  the  angular  distribution  of  channels  with  neutron  stripping.  As  it  is 
well  known  for  stable  nuclei  the  only  open  channels  are  proton  stripping  and  neutron  pick¬ 
up  since  the  other,  neutron  stripping  and  proton  pick-up,  are  strongly  hindered  by  optimum 
Q-value  considerations.  One  is  thus  led  to  conclude  that  these  channels  are  populated  in 
the  experiment  by  more  complicated  processes  (see  below). 

At  last,  let  me  show  in  figure  4  for  some  selected  channels  the  total  kinetic  energy  loss 
(TKEL)  spectra.  As  it  is  apparent,  the  theory  gives  a  good  description  for  the  average 
energy-loss  but  has  the  tendency  to  underestimate  the  long  tail  of  the  distributions.  It  is 
important  also  to  notice  that  the  transfer  processes  populate  channels  at  high  excitation 
energy.  This,  via  evaporation,  may  influence  the  final  yields  of  the  fragment  distributions. 


40Ca  +  124Sn  (E^  168  MeV) 
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Figure  3.  Experimental  (points)  and  theoretical  (lines)  Q-value  integrated  angular  dis¬ 
tributions  for  the  indicated  transfer  channels. 
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Figure  4.  Experimental  (histograms)  and  theoretical  (lines)  total  kinetic  energy  loss 
(TKEL)  distributions  for  the  indicated  transfer  channels. 
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4.  Neutron  evaporation 

To  get  a  deeper  insight  into  the  behavior  of  the  experimental  yields  in  figure  5  we  plot, 
again,  the  total  cross  sections  for  the  64 Ni  +  238 U,  this  time  not  as  a  function  of  the  mass 
number  (as  in  figure  1)  but  as  a  function  of  the  number  of  transferred  protons  (A Z).  In 
the  left-hand  side  we  display  the  cross  sections  involving  neutron  pick-up  while  in  the 
right-hand  side  the  ones  involving  neutron  stripping  (notice  that  the  neutron  stripping  side 
reaches  the  —  6p  while  the  neutron  pick-up  side  stop  at  —ip).  As  it  is  apparent  from 
this  kind  of  plot  the  neutron  pick-up  and  neutron  stripping  reactions  have  a  very  different 
behavior.  The  neutron  pick-up  decrease  in  a  very  smooth  way  as  the  number  of  transferred 
protons  increase,  while  neutron  stripping  reactions  have  a  maxima  when  the  number  of 
transferred  protons  is  almost  equal  to  the  number  of  transferred  neutrons.  This  is  a  clear 
indication  that  the  two  kinds  of  reactions  are  populated  by  different  mechanism.  While 
the  neutron  pick-up  side  indicates  a  direct  population  in  terms  of  independent  transfer  of 
neutrons  (pick-up)  and  protons  (stripping)  the  neutron  stripping  side  shows  that  the  yield 
of  these  reactions  have  to  depend  on  more  complicated  mechanism. 

From  optimum  Q-value  arguments  one  knows  that  neutron  stripping  reactions  are 
strongly  hindered  in  collisions  among  stable  nuclei  so  the  channels  involving  neutron  strip¬ 
ping  cannot  be  populated  via  this  mechanism.  The  first  alternative  mechanism  that  came  in 
mind  is  the  neutron  evaporation  (we  know  from  figure  4  that  transfer  reactions  populate 


Figure  5.  Experimental  total  cross  sections  as  a  function  of  the  number  of  transferred 
protons  A Z  for  channels  involving  neutron  pick-up  (left  side)  and  neutron  stripping 
(right  side).  To  guide  the  eye  we  connected,  with  a  dash  line,  the  different  proton  trans¬ 
fer  channels  corresponding  to  the  equal  number  of  neutron.  The  symbol  with  no  label 
corresponds  to  the  (On)  channels.  The  full  line  is  a  Poisson  distribution,  normalized  to 
the  data.  The  point  close  to  this  line  are  obtained  by  adding  to  each  pure  proton  transfer 
(On)  channels  all  those  corresponding  to  neutron  stripping. 
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Figure  6.  Experimental  total  cross  sections  as  a  function  of  the  number  of  transferred 
protons  A Z  for  channels  involving  neutron  pick-up  (left  side)  and  neutron  stripping 
(right  side)  for  the  indicated  reactions.  Cfr.  figure  5  for  more  details. 

predominantly  at  highest  excitation  energy  and  we  remind  that  in  the  experiment  only  the 
light  fragment  is  identified).  It  is  thus  tempting  to  add,  for  each  A Z,  the  cross  section  of 
all  the  neutron  stripping  channels.  In  doing  so  one  obtains  the  points  labelled  with  stars  on 
the  left-hand  side  of  figure  5. 

These  can  be  nicely  fitted  (full  line)  with  a  Poisson  distribution  defined  by  an  average 
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number  of  2.  Since  the  Poisson  distribution  describes  the  transfer  of  independent  modes,  it 
is  clear  that  this  finding  points  into  the  direction  that  also  protons  are  transferred  indepen¬ 
dently. 

It  is  clear  that  if  evaporation  influences  the  isotope  distribution  this  must  be  a  common 
feature  of  the  multinucleon  transfer  reactions.  We  thus  apply  the  same  reasoning  to  all 
the  reactions  for  which  multinucleon  transfer  reactions  have  been  measured.  In  figure  6 
we  display  for  the  indicated  reaction  the  isotope  distribution.  In  all  cases  the  cross  section 
obtained  by  adding  to  the  pure  —Op  channels  all  the  one  involving  neutron  stripping  are 
all  nicely  fitted  by  Poisson  distribution  with  an  average  number  ranging  1.8  for  the  40Ca  + 
90Zr  to  2.2  for  the  40Ca  +  124 Sn  reactions.  It  is  quite  likely  that  this  systematic  behavior  of 
the  inclusive  cross  section  indicate  that  also  protons  behave  like  independent  particle  in  a 
transfer  process. 


5.  Conclusion 

In  this  talk  I  discussed  transfer  reaction  among  heavy  ions.  I  hope  I  convince  you  that  the 
main  features  of  these  reactions  can  be  understood  in  term  of  independent  single  particle 
transfer.  I  also  discussed  the  importance  of  neutron  evaporation  in  determining  the  final 
isotope  distribution. 
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Abstract.  Considerable  interest  has  been  devoted  to  fusion  reactions  between  light  heavy  ions 
specially  between  weakly  bound  ones,  due  to  the  anomalous  decrease  of  the  fusion  cross  sections 
when  compared  to  the  total  reaction  cross  section  in  the  energy  region  around  the  barrier  [1-4]. 

While  the  exact  nature  of  the  process  responsible  for  the  fusion  cross  section  limitation  at  barrier 
energies  is  still  unclear,  this  study  shows  an  inhibition  of  the  yield  as  the  system  mass  decreases,  re¬ 
sulting  from  the  progressive  increase  of  the  barrier  height  and  decrease  of  the  effective  barrier  radius 
[3].  Furthermore,  extensive  efforts  have  been  made  recently  in  the  study  of  energy-damped  binary 
yields  from  light  heavy-ion  collisions  [2,4].  Based  on  the  substantial  amount  of  data  accumulated  so 
far,  it  is  now  generally  accepted  and  supported  by  the  transition  state  model  [4],  that  the  observed 
yields  arise  mostly  from  a  fusion-fission  process.  Data  on  complete  fusion,  fusion-fission  and  ‘elas¬ 
tic  fission’  for  the  9Be,  10’nB  +  10’nB;  16’17>180  +  io,nB;  i9p  +  i2C;  e,7U  +  i2Q  reactions 
among  others,  are  presented.  For  the  loosely  bound  nuclei  it  was  found  that  the  severe  fusion  cross 
section  limitation  is  due  to  a  low  survival  probability  of  the  weakly  bound  nuclei  until  the  instant  of 
the  collision  [1]. 

Keywords.  Nuclear  reactions;  complete  fusion;  fusion-fission. 
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Abstract.  Systematic  studies  of  heavy-ion  induced  fission  reactions  at  near-barrier  energies  carried 
out  in  the  last  decade  have  brought  out  many  interesting  aspects  of  fission  process  in  general.  The 
recent  experimental  findings  which  show  dependence  of  fission  fragment  angular  distributions  on 
entrance  channel,  shape,  size  and  spin  of  the  interacting  nuclei  and  shell  closure  of  the  intermediate 
compound  nucleus  are  summarised  in  the  present  paper. 

Keywords.  Heavy-ion  fission  reactions;  near-barrier  energies;  fission  fragment  anisotropies;  Th,  U, 
Np,  Pt,  Pb,  W,  Bi  targets;  B,  C,  O  projectiles. 
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1.  Introduction 

Heavy-ion  induced  fission  reactions  at  near  Coulomb  barrier  energies  performed  during 
the  last  decade  have  provided  many  new  interesting  features  of  fission  phenomena  [1]. 
These  studies  suggest  [1-5]  dependence  of  fission  fragment  anisotropy  ( A )  on  the  entrance 
channel  of  the  colliding  nuclei,  size,  spin  and  shape  of  the  target/projectile,  bombarding 
energy  with  respect  to  the  fusion  barrier  and  compound  nucleus  shell  closure.  In  this 
review  some  of  the  recent  results,  their  implications  and  the  new  puzzles  in  this  area  are 
summarized. 


2.  Saddle-point  statistical  model  (SPSM) 

In  the  present  work,  the  saddle-point  statistical  model  (SPSM)  [6]  has  been  taken  as 
the  reference  model  whose  predictions  are  compared  with  the  experimental  data  of  fis¬ 
sion  anisotropies.  If  the  fission  data  for  a  target  plus  projectile  system  are  in  agreement 
with  the  SPSM  calculations,  then  the  system  is  considered  to  exhibit  ‘normal’  values  of 
anisotropies.  However,  the  system  whose  anisotropy  values  are  significantly  larger  than 
the  SPSM  predictions,  is  considered  to  show  ‘anomalous’  values  of  anisotropies.  Accord¬ 
ing  to  SPSM,  the  fission  anisotropy  is  written  as  A  =  1  +  (12)/4Kq  where  (l2)  is  the 
second  moment  of  the  compound  nucleus  spin  distribution  and  Kq  is  the  variance  of  the 
K  distribution  at  the  saddle-point  where  the  orientation  of  the  fission  axis  with  respect  to 
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the  angular  momentum  vector  is  determined.  The  quantity  Kq  is  defined  as  Kfi  =  IefiT, 
with  7eff  as  the  effective  moment  of  inertia  of  the  configuration  of  the  fissioning  nucleus 
and  T  as  the  effective  temperature,  both  evaluated  at  the  saddle-point.  The  value  of  T  is 
calculated  from  the  expression  T  —  \jExja,  where  Ex  is  the  excitation  energy  and  ‘a’  is 
the  level  density  parameter.  The  excitation  energy  Ex  at  the  saddle  is  computed  using  the 
following  expression  Ex  —  Ec,m  +  Q  —  Bf  —  Er  —  En  where  Bf  and  Er  are  the  £  depen¬ 
dent  fission  barrier  and  rotational  energy  respectively.  En  is  defined  as  the  energy  removed 
by  the  pre-scission  (pre-saddle)  neutrons.  The  £  distribution  of  the  fissioning  compound 
system  is  obtained  by  fitting  the  fission  excitation  function  (or  fusion  excitation  function) 
and  the  B/,  7eff  and  Er  values  have  been  taken  from  the  Sierk  prescription  [7]. 


3.  Fission  data  at  near-barrier  energies 

3.1  Fission  data  for  E /Vr  >  1 

In  the  last  few  years  systematic  measurements  of  fission  angular  distribution  data  have 
been  carried  out  by  different  groups  to  bring  out  interesting  features  of  fission  dynamics 
[1,8-16].  The  fission  data  for  both  deformed  actinide  targets  having  small  Bf  /T  values 
and  spherical  targets  like  Pb,  Bi  having  large  Bf  /T  values  have  been  measured  for  a  range 
of  projectiles  (Li,  Be,  B,  C,  O  and  F).  It  has  been  observed  that  the  anisotropies  for  actinide 
targets  are  well  accounted  for  by  SPSM  for  the  lighter  projectiles  such  as  Li,  Be,  B  and 
C  but  are  larger  than  expected  for  the  heavier  projectiles  such  as  O  and  F  [1,8,9].  These 
observations  have  been  interpreted  as  an  entrance  channel  effect  arising  from  contributions 
of  fission  like  events  from  preequilibrium  fission  [17]  expected  only  in  the  case  of  heav¬ 
ier  projectiles  such  as  160  and  19F,  on  the  basis  of  the  variation  of  the  liquid  drop  model 
driving  force  at  the  saddle  in  the  mass  asymmetry  degree  of  freedom.  The  mass  asymme¬ 
try  value  where  the  driving  force  changes  direction  is  called  the  Businaro-Gallone  critical 
asymmetry(o!BG)-  For  values  of  entrance  channel  mass  asymmetry  (a)  greater  than  o;bg> 
the  driving  force  favours  amalgamation  of  the  nascent  partners,  whereas  for  smaller  values 
the  smaller  partner  gains  in  mass  at  the  expense  of  the  heavier,  and  the  dinuclear  system 
may  re-separate  as  a  fissionlike  event  without  K  equilibration  and  formation  of  a  com¬ 
pound  nucleus.  In  the  latter  case  the  fission  events  will  consist  of  both  K  equilibrated  and 
non-equilibrated  (pre-equilibrium)  components  and  hence  systems  with  entrance  channel 
mass  asymmetry  values  less  than  the  BG  critical  value  will  exhibit  anomalous  anisotropies. 
The  above  study,  however,  involved  formation  of  different  compound  nuclei.  Thus,  a 
definitive  test  of  entrance  channel  mechanism  requires  making  the  same  compound  nu¬ 
cleus  at  the  same  excitation  energies  and  if  possible,  even  with  similar  angular  momenta. 
With  this  motivation,  fission  data  have  been  measured  [3]  for  three  entrance  channels  that 
lead  to  the  same  compound  nucleus  (248Cf).  Two  of  these  entrance  channels  11 B  +  237 Np 
(a  =  0.911)  and  12C  +  236U  {a  —  0.903)  have  alpha  greater  than  ckbg  =  0.9  and  the 
third,  160  +  232Th  (a  =  0.871),  has  alpha  smaller  than  the  critical  asymmetry.  The  fission 
anisotropy  data  are  plotted  in  figure  1  as  a  function  of  E/Vr.  In  figure  1  the  data  of  Liu  et 
al  [18],  Back  et  al  [19],  Ramamurthy  et  al  [8]  and  Vandenbosch  et  al  [20]  are  also  shown 
along  with  the  data  from  ref.  [3]. 

It  is  found  that  although  the  anisotropies  differ  at  lower  excitation  energies  ( Ex  = 
45-60  MeV  and  energies  upto  20%  above  the  fusion  barrier)  for  the  three  systems,  this 
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Figure  1.  Fission  anisotropies  measured  for  nB  +  237Np,  12C  +  236U  and  160  + 
232 Th  systems  plotted  as  a  function  of  E/Vb.  The  continuous  lines  are  the  SPSM 
calculations. 


entrance  channel  dependence  is  washed  out  at  higher  energies.  In  order  to  compare  the 
measured  data  with  the  SPSM  calculations,  the  fission  events  were  arbitrarily  divided  [3] 
into  two  types:  (1)  t  <  lc,  for  which  Bf  >  T,  (2)  t  >  lc  for  which  Bf  <  T,  where  lc 
is  the  angular  momentum  for  which  Bf  =  T.  The  anisotropy  Aexp  is  defined  as  Aexp  = 
(oi/of)Ai  +  (<72 /<r f)A2  where  Ai  and  A2  are  the  anisotropy  values  for  the  two  compo¬ 
nents  respectively.  The  corresponding  cross  sections  are  a i,  cr2  and  cry  is  the  measured 
fission  (fusion)  cross  section.  For  component  (1),  the  anisotropy  values  have  been  calcu¬ 
lated  using  the  SPSM.  The  Sierk  prescription  has  been  used  to  obtain  the  ^-dependent  Bf, 
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Er  and  /eff  values.  The  pre-saddle  neutron  corrections  have  been  applied  starting  from 
the  systematics  of  Saxena  et  al  [21].  From  the  above  analysis,  the  A  2  values  have  been 
deduced.  Knowing  (l2)  values  from  calculation,  the  corresponding  Kq  values  have  been 
obtained  starting  from  the  expression  for  A 2.  It  was  interesting  to  note  that  the  7eff  values 
deduced  from  the  corresponding  Kq  values  for  the  region  Bf  <  T,  are  consistent  with 
the  ones  expected  from  the  SPSM,  implying  that  the  SPSM  works  even  for  cases  where 
Bf  <  T.  The  reason  for  this  surprising  result  is  not  very  clear.  One  reason  could  be  that  the 
fission  barriers  are  actually  much  larger  than  predicted  by  Sierk.  A  similar  conclusion  was 
recently  reached  [22]  in  another  observation  involving  evaporation  residues  for  12 C  +  236  U 
system.  In  view  of  the  above  findings,  the  SPSM  calculations  have  been  performed  with¬ 
out  any  restriction  on  i  values  for  both  the  components  mentioned  above.  In  figure  1,  the 
calculations  are  shown  as  continuous  curves.  For  E/Vr  >  1,  they  adequately  represent  the 
data  except  for  ieO  +  232Th  at  energies  above  but  close  to  the  barrier,  implying  entrance 
channel  dependence  at  these  energies.  At  higher  energies,  the  SPSM  calculations  are  in 
good  accord  with  the  data  for  all  the  three  systems  and  no  entrance  channel  dependence  is 
indicated. 


Figure  2.  Fission  anisotropies  for  11 B,  12C  and  160  +  209Bi  systems.  The  measured 
data  are  compared  with  the  SPSM  calculations. 
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The  fission  anisotropy  data  measured  for  the  spherical  systems  at  energies  above  the  bar¬ 
rier  are  all  consistent  with  the  SPSM  calculations  which  take  into  account  corrections  for 
pre-saddle  neutron  emission.  No  entrance  channel  dependence  has  been  observed  [1,11 ,23] 
in  varying  the  projectile  mass  from  11 B  to  19F  interacting  with  209 Bi  target.  In  figure  2  the 
anisotropy  values  measured  for  nB,  12C  and  160  +  209Bi  systems  are  compared  with  the 
SPSM  calculations. 

It  is  seen  from  the  figure  that  SPSM  theory  is  consistent  with  the  data  over  the  entire 
energy  range.  As  per  the  pre-equilibrium  fission  model  [17],  the  contribution  of  K  non- 
equilibrated  fission  events  will  be  smaller  for  systems  with  larger  Bf  /T  values.  Hence  the 
mechanism  which  leads  to  observation  of  ‘anomalous’  anisotropies  (and  entrance  channel 
dependence  of  fission  anisotropies)  is  not  expected  to  play  a  significant  role  for  systems 
having  large  Bf  /T.  Thus  the  observation  of  ‘normal’  anisotropies  is  consistent  with  the 
above  expectation  for  the  spherical  systems  which  have  relatively  larger  values  of  Bf  /T 
compared  to  the  ones  of  the  deformed  actinides. 


3.2  Fission  data  for  E /Vb  <  1 

The  fission  data  for  deformed  actinide  targets  when  extended  to  lower  energies  exhibit 
very  interesting  features  quite  unanticipated.  It  was  observed  that  the  fission  anisotropies 
for  essentially  all  target-projectile  combinations  involving  an  actinide  target  do  not  de¬ 
crease  when  energy  is  lowered  (up  to  10%  below  barrier)  in  the  sub-barrier  region  [18,24- 
26].  Several  plausible  explanations  have  been  suggested  to  understand  this  feature  [24]. 
However,  the  spherical  targets  do  not  exhibit  this  ‘anomalous’  feature.  This  clearly  points 
to  the  fact  that  deformation  (shape)  of  the  target  has  a  strong  role  to  play  in  influencing 
this  behaviour.  Hinde  et  al  [25]  have  proposed  a  ‘quasi-fission’  mechanism  to  explain 
this  observation.  According  to  this  model,  while  collisions  of  the  incoming  projectile 
with  the  tips  of  the  deformed  target  lead  to  quasi-fission,  collisions  with  the  sides  lead 
to  compound  nucleus  fission.  Recently,  Lestone  et  al  [2]  have  reported  anisotropy  data  for 
12C  +  235,236,238|j  SyStems  They  found  that  while  the  even  U  targets  exhibited  ‘anoma¬ 
lous’  anisotropies, the  odd  U  target  (having  spin  7/2)  showed  almost  normal  anisotropies 
at  sub-barrier  energies.  This  is  taken  as  strong  evidence  for  an  influence  of  target  spin 
on  sub-barrier  fission  anisotropies.  The  same  feature  is  observed  in  the  case  of  data  for 
B+Np,  C+U  and  O+Th  systems  (figure  1)  for  E/Vb<  1.  While  the  zero  spin  O  +  Th 
and  C  +  U  systems  show  anomalous  values  of  anisotropies  at  energies  below  the  barrier, 
the  B+Np  system  involving  large  spin  values  for  both  projectile  and  target  shows  near 
normal  anisotropies,  confirming  the  influence  of  (projectile/target)  spin  on  the  measured 
anisotropies.  However,  the  anisotropy  data  measured  for  the  spherical  systems,  160,19F  + 
208 Pb  (spin  =  0)  or  209 Bi  (spin  =  9/2)  do  not  show  noticeable  effect  due  to  target  spin  [23] 
and  both  are  in  agreement  with  the  SPSM  calculations.  Hence  it  can  be  concluded  that  both 
shape  and  spin  together  are  important  factors  in  influencing  the  fission  data  at  sub-barrier 
energies. 

In  figure  3  the  deviation  of  measured  anisotropies  from  the  SPSM  calculations  at  near¬ 
barrier  energies,  ( Aexp  —  l)/(ACSi\  —  1),  are  plotted  for  O  +  Th  (deformed)  and  O  +  Pb 
(spherical)  systems  to  bring  out  the  features  discussed  above.  While  the  deformed  system 
exhibits  anomalous  values  of  A,  the  spherical  system  shows  normal  values.  In  addition  Le¬ 
stone  et  al  [2]  have  also  shown  that  observed  anomaly  for  even  mass  number  actinide 
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Figure  3.  The  (Aexp  —  1) /( Acai  —  1)  values  are  plotted  as  a  function  of  E/Vb  for 

16q  +  208pb  and  232 Th  systems 

targets,  decreases  with  decrease  of  projectile  mass  number.  This  feature  might  imply  some 
kind  of  entrance  channel  or  fissility  dependence  of  fission  anisotropies. 


3.3  Influence  of  shell  closure  on  fission  anisotropies 

It  is  of  interest  to  investigate  the  role  of  nuclear  shell  closure  on  fission  anisotropies  as  shell 
effects  are  known  to  influence  the  potential  energy  surface  in  general.  With  this  in  view 
systematic  measurements  of  fission  fragment  anisotropies  and  evaporation  residue  cross 
sections  have  been  measured  spanning  a  range  of  energies  for  two  systems  12C  +  194,198  Pt 
[4]. 

It  may  be  mentioned  that  the  latter  system  forms  a  compound  nucleus  with  N  =  126. 
Detailed  statistical  model  analysis  of  the  fission  and  the  evaporation  residue  cross  sec¬ 
tion  data  yielded  satisfactory  fits  to  the  data.  The  compound  nucleus  spin  distribution  and 
the  l  distribution  related  to  fission  decay  have  been  determined  from  the  above  statistical 
model  analysis.  The  Sierk  parametrization  has  been  used  for  the  calculation  of  /-dependent 
7eff,  Bf  and  Er  values.  The  SPSM  has  been  used  to  calculate  the  fission  anisotorpies. 
While  the  anisotropy  data  for  12C  +  194Pt  system  could  be  explained  by  the  SPSM  calcu¬ 
lations,  the  ones  for  12 C  +  198  Pt  are  found  to  be  significantly  larger  than  the  theoretical 
predictions. 
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Figure  4.  The  (^4exP  —  l)/(Acai  —  1)  values  are  plotted  as  a  function  of  compound 
nucleus  excitation  energy,  E*  for  12C  +  194«198pt. 


The  deviation  from  theory  is  represented  as  (Aexp  —  l)/(-4cai  —  1)  plotted  as  a  func¬ 
tion  of  the  compound  nucleus  excitation  energy  (figure  4).  It  is  found  that  the  deviation 
from  theory  decreases  as  the  excitation  energy  is  increased.  From  the  observation  that  the 
anomalous  anisotropies  are  found  only  for  12C  +  198Pt  system  (210Po,  N  =  126)  and  that 
the  discrepancy  between  measurement  and  calculations  decreases  at  higher  energies,  it  is 
conjectured  that  shell  effect  in  the  potential  energy  surface  is  responsible  for  this  behaviour. 
The  target  isotope  dependence  as  a  plausible  reason  for  this  anomalous  behaviour  is  ruled 
out  as  SPSM  analysis  of  12C  +  182>184,i86^  fission  anisotropy  data  [27]  do  not  show  any 
abnormal  effect  due  to  target  isotope  variation  (figure  5). 

Further,  recently  measurements  have  been  extended  to  19F  +  194498pt  SyStems  jn  thjs 
case  the  former  system  has  N  —  126  for  the  compound  nucleus.  If  our  earlier  conjecture, 
that  N  =  126  is  responsible  for  anomalous  anisotropies  is  correct,  then  19F  +  194Pt  should 
exhibit  anomalous  anisotropy  and  not  19F  +  198Pt.  Indeed  the  fission  anisotropies  measured 
for  the  above  two  systems  are  consistent  with  the  above  expectation  [28].  Even  though  a 
complete  description  of  this  puzzle  is  not  available  at  present,  a  definite  correlation  between 
the  anomaly  and  the  neutron  shell  closure  (N  =  126)  has  been  clearly  demonstrated  in 
these  measurements. 
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Figure  5.  The  deviations  from  SPSM  calculations  are  plotted  as  a  function  Ex  for 

12C  +  182,184,186W  systems 


4.  Conclusion 

From  a  systematic  study  of  heavy-ion  induced  fission  reactions  at  near-barrier  energies, 
the  following  conclusions  can  be  drawn:  For  E  >  Vb,  the  fission  fragment  angular  dis¬ 
tributions  measured  for  deformed  actinides  with  low  Bf/T  values,  are  dependent  on  the 
entrance  channel.  However,  the  spherical  target  systems  with  large  Bf/T  values  do  not 
exhibit  entrance  channel  dependence  of  fission  anisotropies.  Both  these  observations  are 
consistent  with  the  predictions  of  preequilibrium  model.  For  well  matched  channels,  hav¬ 
ing  different  entrance  channels  but  leading  to  the  same  compound  at  similar  excitation 
energies  and  angular  momenta,  entrance  channel  dependence  of  the  measured  anisotorpies 
is  found  only  at  lower  Ex  (up  to  20%  above  the  barrier)  but  not  at  energies  well  above, 
the  barrier.  It  is  interesting  that  the  fission  anisotropy  data  for  these  systems  could  be  de¬ 
scribed  by  SPSM  calculations  even  in  energy  regions  where  Bf  <  T.  For  E/Vb  <1, 
while  the  deformed  actinide  targets  exhibit  anomalous  anisotropies,  the  spherical  systems 
do  not  show  this  feature.  Besides  target  shape,  the  role  of  target  spin  and  size  in  influenc¬ 
ing  the  fission  anisotropy  data  has  also  been  brought  out.  Lastly,  interesting  correlation  has 
been  observed  between  the  anomalous  anisotropy  and  the  neutron  shell  closure,  implying 
possible  influence  of  shell  effects  on  fission  data. 
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Abstract.  Through  precision  measurements  of  fusion  cross  sections  at  energies  close  to  the 
Coulomb  barrier  and  through  the  application  of  the  method  of  “experimental  barrier  distributions” 
which  these  permit,  many  recent  advances  have  been  made  in  our  understanding  of  the  dynamical 
processes  occuring  during  a  heavy-ion  collision.  It  is  now  clear  that  the  target  and  projectile  reach 
one  another  in  superpositions  of  states  which  correspond  to  different  orientations  for  rotational  nuclei 
or  to  different  induced  deformations  for  vibrational  nuclei.  The  creation  of  a  neck  of  neutron  matter 
has  also  long  been  postulated  and  by  studying  the  isotopic  dependence  of  the  fusion  reaction,  some 
recent  results  in  the  40Ca  +  90,96Zr  systems  appear  to  confirm  this  result.  For  large  Z1Z2  a  type  of 
extra-push  effect  can  arise  from  the  same  inelastic  entrance-channel  effects  which  enhance  the  fusion 
of  lighter  systems,  though  this  will  be  absent  in  cases  where  the  enhancement  arises  from  neutron 
transfers. 

The  existence  of  different  barriers  will  of  course  influence  all  other  reaction  channels.  Fusion 
simply  allows  one  to  visualise  the  barriers  most  easily,  since  for  this  process,  the  total  cross 
section  is  an  incoherent  sum  of  the  contributions  from  all  relevant  eigenchannels.  Some  effects  in 
other  channels  have  already  been  observed.  Other  possible  effects  will  be  discussed.  These  include; 
the  exploitation  of  the  lowest-energy  barrier  to  produce  exotic  evaporation  residues  and  strongly 
deformed  high-spin  states  at  low  excitation  energy. 

Keywords.  Fusion  barrier-distributions;  exotic  nuclei;  deformed  high-spin  states. 

PACS  Nos  25.70. Jj;  25.70.Bc;  25.70.De;  25.70.Gh;  25.70.Hi;  21.60 


1.  Introduction 


The  fusion  of  two  heavy-ions  is  not  in  itself  a  rare  nuclear  process,  cross  sections  above 
the  Coulomb  barrier  being  of  the  order  of  the  geometrical  limit  ttR2  i.e.  of  the  order  of 
barns.  However,  many  interesting  phenomena  do  oblige  us  to  study  situations  with  much 
smaller  cross  sections,  for  example: 

1)  The  dynamics  of  the  entrance  channel  lead  to  a  distribution  of  Coulomb  barriers  and 
a  full  understanding  of  this  process  can  be  obtained  only  by  measuring  the  fusion  cross 
section  a /  over  a  wide  range  of  energies  E  both  above  and  below  the  conventional  barrier. 
If  these  data  are  sufficiently  good,  the  ‘experimental  barrier  distribution’  D(E)  can  be 
obtained  from  [1]: 


D(E)  = 


d2(Ecrf) 
d  E2 


(1) 


2)  The  existence  of  barriers  lowered  in  energy  leads  to  the  possibility  of  a  small  but  sig¬ 
nificant  compound-nucleus  (CN)  formation  at  lower  excitation  energies  than  one  might 
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have  expected,  while  still  populating  relatively  high-spin  states.  The  lower  excitation  en¬ 
ergy  may  lead  to  reduced  particle  evaporation  and  thus  to  the  formation  of  some  relatively 
exotic  nuclei  which  are  not  populated  at  higher  EqN. 

3)  It  is  well  known  that  to  form  very  heavy  compound  systems,  in  particular  new  elements, 
one  is  limited  by  the  phenomenon  of  fission.  The  cross  section  for  the  formation  of  these 
high  Z  systems  is  the  product  of  the  fusion  (passage  to  a  compound  nucleus)  and  the 
probability  that  they  will  survive  fission.  The  latter  probability  increases  with  decreasing 
excitation  energy  and  so  taking  advantage  of  entrance-channel  effects  may  be  of  paramount 
importance  here. 

The  first  point  outlined  above  i.e.  the  existence  of  a  range  of  barriers,  has  been  known 
for  some  time  and  over  recent  years  the  use  of  eq.  (1)  has  given  us  significant  insights  into 
reaction  dynamics.  Figure  1  shows  a  representative  selection  of  structures  of  fusion  barriers 
which  provide  ‘fingerprints’  of  different  types  of  inelastic  coupling  which  can  intervene  in 
sub-barrier  fusion  enhancement. 

One  sees  in  (la)  that  for  the  system  40 Ca  +  40 Ca  [2],  where  both  target  and  projectile  are 


Energy  (MeV) 

Figure  1.  The  great  variety  of  experimental  barriers  distributions  is  demonstrated  even 
when  coupling  is  confined  to  inelastic  excitations.  Solid  lines  are  theoretical  results. 
See  text. 
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double-closed-shell  nuclei,  a  single  peak  is  obtained  with  the  width  of  around  3  MeV  ex¬ 
pected  for  a  single  Coulomb  barrier.  In  (b),  (c)  and  (d)  essentially  continuous  distributions 
are  seen.  The  latter  two,  corresponding  to  the  spherical  16 O  on  two  different  deformed 
systems  [3,4],  can  be  reproduced  by  summing  the  fusion  from  barriers  corresponding  to 
all  possible  orientations  of  the  targets.  However,  the  significant  differences  in  D(E)  can 
be  related  to  a  detail  of  the  nuclear  deformation;  although  154Sm  and  186W  are  both  pro¬ 
late  rotors  with  large  fa,  the  former  has  a  small  positive  hexadecapole  moment  whereas 
the  latter  has  a  small  negative  fa.  Frame  (e)  shows  the  double-peaked  structure  expected 
for  strong  coupling  to  a  single-phonon  state  (3“  in  144Sm)  [5],  while  (f)  shows  a  spec¬ 
tacular  three-barrier  structure  due  to  complex  surface  vibrations  induced  by  coupling  to 
multiphonon  states  in  the  58Ni  +  60Ni  system  [6].  In  frame  (b),  160  4-  92Zr  [7]  should 
display  similar  structures  to  the  58 Ni  +  60 Ni  case.  However,  since  the  different  Coulomb 
barriers  correspond  to  variations  of  the  nuclear  radius,  these  effects  scale  as  The 

relatively  low  Z\  Z2  value  for  this  system  causes  the  structures  to  overlap.  They  are  thus 
‘unresolved’  and  the  overall  distribution  appears  continuous. 

These  experiments  and  many  others  have  led  to  a  deeper  understanding  of  nuclear  re¬ 
action  mechanisms  and  shown  quite  unambiguously  that  the  fusion  cross  section  carries 
an  enormous  amount  of  information  if  only  one  looks  carefully  enough.  Other  results  and 
consequences  have  been  recently  reviewed  in  detail  in  ref.  [8]. 

In  earlier  studies  of  barrier  distributions,  Stelson  and  co-workers  [9]  claimed  an  impor¬ 
tant  role  for  neutron  transfer  channels.  However,  for  none  of  the  above  systems  was  it 
necessary  to  invoke  such  effects.  Indeed  for  58Ni  +  60Ni,  it  was  expected  that  the  elastic 
2-neutron-transfer  channel  would  have  a  strong  effect  but  a  comparison  with  an  earlier  ex¬ 
periment  of  Beckerman  [10]  showed  that  the  structures  for  58 Ni  -F  58 Ni  were  practically 
identical  to  those  in  the  present  system.  Since  transfer  Q-values  are  all  rather  different  but 
the  collectivity  and  excitation  energies  of  the  relevant  phonon  states  are  very  similar,  it  was 
concluded  that  transfer  played  only  a  minor  role. 

Since  it  is  clear  that  one  cannot  find  systems  where  inelastic  excitations  do  not  come 
into  play,  it  is  necessary  to  look  for  isotopic  effects  in  order  to  study  neutron  degrees 
of  freedom.  An  ideal  case  would  be  a  heavy  double-closed-shell  nucleus  impinging  on 
different  isotopes  of  the  same  element  (same  Z\  Z2),  one  having  a  closed  neutron  shell  and 
the  other  having  several  neutrons  outside  the  closed  shell. 


2.  The  40 Ca  +  90  96Zr  systems:  Neutron  necking 

With  the  above  considerations  in  mind,  the  40Ca  +  90,96Zr  systems  were  studied  in  detail 
at  Legnaro  [11].  The  former  target  has  a  closed  N  —  50  neutron  shell,  whereas  the  second 
has  6  neutrons  outside  that  shell,  all  with  positive  Q  values  for  transfer  to  the  projectile. 

.  Figure  2  compares  the  cross  sections  for  these  two  systems.  The  dashed  line  shows 
the  results  of  a  calculation  with  no  couplings  to  the  90Zr  target.  For  the  same  system 
the  solid  curve  shows  that  a  good  fit  can  be  obtained  by  including  inelastic  excitations. 
Such  a  calculation  fails,  however,  for  the  heavier  target  which  has  a  further  significant 
enhancement,  apparently  due  to  Q  >  0  neutron-transfer  channels.  Figure  3  shows  the 
corresponding  experimental  barrier  distributions  and  the  fits  arising  from  the  calculations 
including  inelastic  excitations  only.  The  failure  to  predict  the  low-energy  barrier  strength 
for  96Zr  is  manifest. 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


135 


Neil  Rowley 


E/B 


Figure  2.  Fusion  excitation  functions  for  40Ca  -f  90’96Zr  around  the  average  barrier  B. 
The  dashed  line  shows  the  results  of  a  calculation  with  no  couplings  for  the  former 
system.  For  the  same  reaction  the  solid  curve  shows  that  a  good  fit  can  be  obtained  by 
including  inelastic  excitations.  Such  a  calculation  fails  for  the  latter  case  which  has  a 
further  significant  enhancement  due  to  neutron-transfer  channels.  See  text  and  figure  3. 

An  important  consideration  in  fusing  heavy  systems  is  that  at  high  Z1Z2,  Coulomb  ef¬ 
fects  become  more  important.  Of  course  the  nuclear  coupling  is  also  proportional  to  Z\  Z 2 
since  it  is  determined  by  the  changes  in  barrier  height  associated  with  changes  in  the  nu¬ 
clear  radius.  For  systems  with  low  excitation  energy,  where  the  initial  configuration  is  es¬ 
sentially  frozen,  the  relative  importance  of  nuclear  and  Coulomb  effects  remains  constant. 
However,  for  systems  with  high  excitation  energy,  the  long-range  Coulomb  interaction  can 
polarise  the  nuclei  well  before  the  barrier  is  reached.  Such  a  long-range  polarization  will 
always  give  a  configuration  unfavourable  to  fusion.  These  considerations  are  valid  for  in¬ 
elastic  excitations  but  of  course  for  neutron-transfers,  the  Coulomb  force  has  no  effect. 
Thus  the  fusion  of  heavy  systems  might  be  facilitated  by  use  of  neutron-rich  projectiles 
with  many  nucleons  outside  the  closed  shell  available  for  transfer1 . 


3.  Effects  in  other  channels 

The  existence  of  different  Coulomb  barriers  has  been  sought  in  other  final  channels  with 
varying  degrees  of  success.  Both  elastic  [13]  and  quasi-elastic  [14]  channels  do  display 


1  Since  this  talk  was  presented,  the  possible  creation  of  element  Z  —  114  has  been  announced  at 
Dubna  [12].  The  neutron  excess  of  the  48 Ca  projectile  used  leads  to  a  compound  nucleus  closer  to 
the  predicted  island  of  stability  but  it  is  likely  that  it  also  plays  the  role  discussed  above  of  enhancing 
the  fusion  probability  itself. 
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Figure  3.  Experimental  barrier  distributions  for  40Ca  4-  90,96Zr  along  with  the  results  of 
theoretical  calculations  including  only  inelastic  excitations.  These  produce  reasonable 
results  for  the  former  system  but  fail  to  give  the  low-energy  strength  in  the  latter  case. 
Results  are  shown  with  respect  to  the  corresponding  average  barrier  B. 

some  evidence  of  the  same  gross  structures  observed  in  fusion  (i.e.  the  overall  width  and 
shape  of  the  distribution),  however,  the  details  of  the  individual  peaks  is  often  lost  due 
to  the  fact  that  the  relevant  barrier  amplitudes  do  not  add  incoherently  thus  giving  rise  to 
interference  effects  and  dephasing. 

Another  important  observation  is  that  some  dynamics  of  the  fission  channel  may  equally 
be  related  to  entrance-channel  effects,  with  the  compactness  of  the  formed  compound  nu¬ 
cleus  depending  on  the  orientation  of  a  fusing  deformed  target,  and  leading  to  an  energy- 
dependent  fission  anisotropy  around  the  barrier  region,  which  disagrees  with  the  predic¬ 
tions  of  the  statistical  saddle-point  method  [15]. 

A  recent  experiment  performed  at  the  ANU  [16]  also  suggests  an  important  effect  arising 
from  the  breakup  channel.  The  system  studied  was  9 Be  +  208 Pb,  which  is  of  particular 
interest  due  to  the  borromean  nature  of  the  projectile.  The  results  show  what  is  effectively 
an  overall  renormalisation  of  the  excitation  function  (hence  the  barrier  distribution)  due  to 
the  strong  break-up  channel. 

An  important  consideration  in  fusion  studies  is  how  the  different  barriers  may  affect  the 
properties  of  the  compound  nucleus  formed  i.e.  how  will  the  spin  distribution  be  affected 
and  will  certain  evaporation  residues  be  favoured.  We  shall  discuss  these  topics  in  the 
context  of  the  58 Ni  +  60Ni  system  where  additional  experiments  have  been  performed  and 
are  planned. 
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Figure  4.  Experimental  excitation  function  and  barrier  distribution  for  58Ni  +  60Ni. 
The  results  of  simple  parametrized  2-  and  3-barrier  fits  are  shown  along  with  the  results 
of  a  full  coupled-channels  calculation. 


4.  The  58Ni  +  60Ni  system:  Feeding  the  compound  nucleus 

This  reaction  is  of  particular  interest  since  the  barrier  distribution  has  three  distinct  peaks, 
as  shown  in  more  detail  in  figure  4.  Reproducing  this  structure  demands  a  rather  full 
coupled-channels  calculation,  both  from  the  point  of  view  of  which  channels  are  included 
and  how  the  dynamics  are  treated. 

This  is  demonstrated  in  figures  5  and  6.  Figure  5  shows  the  effects  of  the  successive 
inclusion  of  higher-phonon  channels.  A  good  fit  to  the  data  is  obtained  only  when  one  goes 
as  far  as  the  4-phonon  channel  i.e.  the  double-mutual  excitation  of  the  quadrupole  phonon 
vibrations  in  these  nickel  nuclei.  Interestingly,  the  fit  worsens  if  one  supposes  the  existence 
of  (unobserved)  3-phonon  states  in  each  nucleus,  perhaps  indicating  a  strong  depletion 
of  the  collectivity  as  the  single-particle  space  becomes  blocked.  This  is  an  interesting 
example  of  a  problem  where  the  barrier  fingerprint  may  give  new  information  on  the  target 
and  projectile  internal  structure. 

Figure  6  shows  the  danger  of  approximations.  A  good  fit  is  obtained  only  by  taking 
account  of  couplings  to  all  orders,  finite  excitation  energies  and  Coulomb  excitation  at 
large  r.  This  last  effect  suppresses  the  low-energy  strength,  increases  the  barrier  centroid 
and,  for  high  Z\  Z 2  may  give  rise  to  an  effective  extra-push  energy. 

The  solid  curves  in  figure  7  show  the  calculated  spin  distribution  for  the  compound  nu¬ 
cleus  at  three  energies,  each  just  above  one  of  the  three  barriers  of  figure  4.  The  complex 
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Figure  5.  Results  are  shown  for  full  coupled-channels  calculations  including  from  one 
to  four  phonons.  In  the  one-phonon  channel,  the  quadrupole  phonon  may  be  in  either 
nucleus  i.e.  |1,  0)  or  1 0, 1).  The  four-phonon  channel  includes  everything  up  to  mutual- 
double  excitation  i.e.  |2,  2)  but  does  not  exceed  two  phonons  in  either  nucleus. 

structures  are  surprisingly  simple  to  understand  in  terms  of  a  smoothed  triangular  {21  +  1) 
distribution  from  each  individual  barrier,  though  the  results  shown  emerge  naturally  from  a 
full  coupled-channels  calculation.  The  great  advantage  of  this  system  is  that  one  can  have 
considerable  confidence  in  the  predicted  spin  distributions  since  the  same  calculations  fit  a 
rather  complex  and  highly  enhanced  fusion  excitation  function  extremely  well. 

This  was  taken  advantage  of  in  a  recent  GAREL-f  experiment  at  the  Strasbourg  Vivitron 
[17].  At  each  of  the  three  energies,  the  discrete  7-ray  transitions  (near-yrast)  were  observed 
in  order  to  see  if  the  complexity  of  the  initial  distribution  carried  through  to  the  yrast  line. 
The  rather  remarkable  result  is  that  this  is  not  the  case,  as  shown  by  the  data  in  figure  7. 
Indeed  the  shape  of  the  spin  population  cuts  off  at  around  20  h  for  both  the  lower  energies 
despite  the  much  higher  spin  put  into  the  compound  nucleus.  At  the  third  energy  a  slight 
increase  in  (l)  is  observed  but  nowhere  near  in  proportion  to  the  additional  spin  put  into 
the  compound  nucleus. 

This  may  be  due  to  a  relatively  small  spreading  width  T  of  states  well  above  the  yrast  line 
at  high  spin,  preventing  the  percolation  down  to  the  region  of  discrete  decays.  Such  effects 
would  of  course  strongly  inhibit  the  population  of  super-deformed  and  hyper-deformed 
configurations  at  high  spins.  Thus  understanding  this  phenomenon  is  of  considerable  im¬ 
portance.  The  fact  that  the  flux  starts  to  fall  down  rapidly  at  around  spin  20  h,  may  indicate 
a  rapidly  increasing  T  in  this  region  and  could  be  indicative  of  an  order/chaos  transition. 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


139 


Neil  Rowley 


_i _ _ _ _ _  H  i  - u - . - - ■  T  i  I 

90  100  110  90  100  110 


Etm  (MeV) 

Figure  6.  The  four-phonon  calculation  of  figure  5  is  shown  with  various  approxima¬ 
tions:  adiabatic  (ignoring  excitation  energies),  ignoring  Coulomb  excitation  (note  how 
Coulex  suppresses  the  lowest  barrier)  and  finally  the  effect  of  coupling  only  to  first- 
order. 


Other  interesting  features  arising  from  the  lowest  barrier  are: 

1)  The  compound  nucleus  formed  by  fusion  through  the  lowest  barrier  is  created  with 
a  large  prolate  deformation  due  to  the  initial  distortion  of  the  target  and  projectile.  If 
this  shape  survives  sufficiently  long,  it  should  lead  to  enhanced  charged-particle  emission. 
Indeed  a  significant  enhancement  of  proton  emission,  relative  to  evaporation-code  predic¬ 
tions,  is  observed  at  the  lowest  energy  [17]. 

2)  The  possibility  of  fusion  at  energies  below  the  conventional  Coulomb  barrier  could  lead 
to  the  survival  of  some  exotic  neutron-deficient  nuclei.  Indeed  at  the  lowest  energy,  116Cs 
is  predicted.  This  nucleus  is  17  neutrons  away  from  /^-stability  and  lies  very  close  to  the 
proton-drip  line.  It  has  no  known  7-rays. 

The  58Ni  +  60Ni  experiment  will  be  repeated  at  Legnaro  using  GASP  and  the  recoil  mass 
spectrometer.  The  GASP  inner  ball  will  allow  us  to  extract  the  total  7-ray  spin  distribution 
i.e.  that  prevailing  after  particle  evaporation.  This  will  give  greater  insight  into  where  the 
entrance-channel  angular  momentum  is  lost  and  will  also  provide  invaluable  information 
for  the  calculation  of  the  ensuing  continuum  7-decays,  thus  enabling  a  better  evaluation 
of  the  spreading  width  T.  The  use  of  the  RMS  will  also  allow  a  gating  on  116Cs  to  test 
whether  one  can  exploit  entrance-channel  effects  to  populate  very  proton-rich  nuclei  at 
relatively  high  spins. 
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Figure  7.  The  angular  momentum  of  the  compound  nucleus  at  formation  is  compared 
with  the  measured  spin  distribution  for  near-yrast  (discrete)  7-decays  at  various  ener¬ 
gies. 


5.  Conclusions 

The  extraction  of  a  fusion  barrier  distribution  from  experimental  data  is  now  very  well 
established,  as  are  many  of  its  experimental  consequences  [8].  The  demands  for  good 
statistics  are  well  rewarded  by  the  ensuing  information  which  frequently  gives  enormous 
insights  into  nuclear  reaction  dynamics  and  presents  a  real  challenge  to  theoretical  analysis. 

We  have  already  seen  the  reflection  of  these  barriers  in  other  reaction  channels;  elastic, 
inelastic  and  even  fission  and  are  beginning  to  learn  how  to  exploit  their  influence  on  the 
formation  of  the  compound  nucleus  both  in  the  spin  and  isospin  degrees  of  freedom,  and 
possibly  ultimately  in  the  creation  of  systems  of  higher  mass  and  charge.  Of  course  studies 
of  fusion  with  radioactive  beams  have  also  started  (see  e.g.  refs  [18,19])  and  we  also  look 
forward  to  many  interesting  new  results  in  that  domain. 
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Abstract.  Preliminary  data  on  the  fusion  of  36S  -f  96Zr  are  reported;  the  excitation  function  near 
the  barrier  is  intermediate  between  those  of  40 Ca  4-  90,96 Zr.  The  peculiar  role  of  the  strong  3~ 
octupole  vibration  of  96Zr  is  pointed  out,  in  addition  to  the  couplings  to  neutron  transfer  channels 
with  positive  Q-values.  Recent  data  on  40Ca  +  124Sn  are  also  shown;  for  that  system  the  fusion 

barrier  distribution  is  wide  without  separated  peaks,  similar  to  the  case  of  40Ca  +  96Zr.  Simpli¬ 
fied  coupled-channel  calculations  have  been  performed,  including  surface  vibrations  and  sequential 
neutron  pick-up  channels,  with  form  factors  that  fit  the  single-  and  multi-nucleon  transfer  data  for 
40 Ca  +  124  Sn.  A  good  agreement  with  the  data  is  found. 

Keywords.  Heavy  ions;  sub-barrier  fusion;  barrier  distributions. 

PACSNo.  25.70.Jj 


1.  Introduction 

There  has  been  considerable  interest  (and  discussion)  in  recent  years  about  the  possibi¬ 
lity  of  extracting  fusion  barrier  distributions  [1]  from  the  fusion  excitation  functions  in 
the  energy  range  encompassing  the  Coulomb  barrier.  This  procedure  has  actually  yielded 
detailed  information  on  the  fusion  dynamics  in  several  heavy-ion  systems  [2,3],  more  de¬ 
tailed  than  what  is  possible  to  get  from  a  simple  analysis  of  the  excitation  functions  and 
from  their  comparison  with  the  theoretical  models. 

Here  I  present  some  recent  experimental  results  in  this  field,  which  our  group  has 
obtained  at  the  Laboratori  Nazionali  di  Legnaro  of  INFN.  The  measurements  of  fusion- 
evaporation  cross  sections  were  performed  using  the  XTU  tandem  accelerator.  40Ca,  36 S 
beams  with  intensities  ~3-10  pnA;  isotopically  enriched  targets  were  used,  with  thickness 
~50-90  /xg/cm2,  evaporated  onto  15  /xg/cm2  carbon  layers. 

The  evaporation  residues  (ER)  were  detected  at  0°  and  at  small  angles  by  an  energy  time- 
of-flight  telescope  following  an  electrostatic  beam  deflector.  Beam  rejection  factors  107- 
108  were  achieved.  Absolute  cross  section  normalization  was  ensured  by  four  monitor 
detectors  mounted  in  a  ring  perpendicular  to  the  beam  direction,  each  one  at  a  scattering 
angle  #iab  =  22°,  and  by  measuring  the  transmission  of  the  beam  deflector  for  ER  (usually 
around  60-70%).  Particular  attention  was  devoted  to  the  quality  of  the  beam  and  to  the 
statistical  accuracy  of  the  measurements,  which  was  ~1%  around  and  over  the  barrier. 
Excitation  functions  were  measured  at  0°  only  downwards  in  energy  with  0.5  MeV  steps 
(1.0  MeV  for  the  highest  energy  points).  Angular  distributions  of  ER  were  measured  at 
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selected  energies  around  and  above  the  barriers  in  the  range  0°-7°  with  1°  steps.  See 
ref.  [4]  for  more  details. 


2.  Fusion  with  90>96Zr  targets 

The  results  of  a  detailed  study  of  the  two  systems  40 Ca  +  90>96Zr  were  published  recently 
[5],  Since  the  projectile  40Ca  is  a  magic  nucleus,  its  influence  on  fusion  was  expected  to 
be  small,  whereas  both  targets  90,96Zr  have  a  Z  —  40  subshell  closure.  A  main  difference 
between  the  two  reactions  is  in  the  neutron  transfer  Q-values  which  are  very  positive,  in 
the  case  of  96Zr  only,  up  to  the  pickup  of  8  neutrons.  However,  a  further  aspect  was  not 
considered  fully  in  that  work;  while  the  low-lying  quadrupole  vibrations  of  90Zr  and  96Zr 
are  found  at  similar  excitation  energies  and  are  only  moderately  collective,  96Zr  has  an 
octupole  vibration  significantly  stronger  and  lower-lying  than  the  corresponding  state  in 
90  Zr. 

Figure  la  shows  the  two  measured  excitation  functions  on  a  reduced  energy  scale.  A 
very  large  relative  enhancement  is  observed  for  40Ca  +  96Zr  at  low  energies.  The  corre¬ 
sponding  barrier  distribution  plotted  in  figure  lc  has  a  flat  and  rather  structureless  shape 
extending  to  very  low  energies.  It  is  qualitatively  different  from  the  distribution  for  90Zr 
(see  figure  lb),  which  shows  well  defined  peaks.  The  barrier  structure  and  fusion  excita¬ 
tion  function  of  40Ca  +  90Zr  were  explained  in  terms  of  coupling  to  the  low-lying  inelastic 
excitations  of  90Zr  (solid  lines  in  figure  la,b),  but  these  couplings  could  not  explain  the 
fusion  of  40Ca  +  96Zr.  Calculations  [5]  indicate  that  sequential  neutron  transfer  is  required 
to  explain  the  observed  distribution. 


Figure  1.  The  fusion  excitation  functions  and  barrier  distributions  for  40Ca  +  90,96Zr 
[5].  The  CC  calculations  for  90Zr  (solid)  and  96Zr  (dashed)  including  the  inelastic 
excitations  of  the  Zr  nuclei  are  shown.  Taken  from  [3]. 
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Figure  2.  The  fusion  excitation  functions  for  36S  +  96Zr  and  for  40Ca  +  90’96Zr  in  a 
reduced  scale. 

In  this  context,  it  seemed  important  to  us  to  try  to  assess  experimentally  the  effect  of 
the  strong  octupole  vibration  of  96 Zr  on  fusion.  That  is  surely  one  reason  for  the  relative 
enhancement  of  40Ca  -f  96Zr  compared  to  40Ca  +  90Zr,  since,  qualitatively  speaking,  one 
expects  that  the  octupole  shape  strongly  favours  sub-barrier  fusion.  It  is  worthwhile  point¬ 
ing  out,  more  is  general,  that  there  is  little  clear-cut  available  data  in  the  literature  about 
the  influence  of  octupole  vibrations  on  fusion,  probably  because  .either  they  are  too  high  in 
energy,  or  their  role  is  mixed  up  and  surmounted  by  lower-lying  quadrupole  vibrations. 

The  case  of  96Zr  is  a  promising  one,  since  the  3”  state  is  relatively  low  and  very  strong 
((3  —  0.34).  The  system  36S  +  96Zr  was  considered,  where,  in  comparison  with  40Ca 
+  96Zr,  we  have  a  similar  rigid  projectile  structure  (the  rather  strong  3“  state  of  40Ca  is 
high  in  energy,  and  its  effect  on  fusion  is  anyway  taken  into  account),  but  no  transfer  chan¬ 
nels  with  positive  or  even  slightly  negative  Q-values  are  available.  Hence,  we  expect  for 
36S  +  96Zr  less  sub-barrier  fusion  and,  possibly,  a  barrier  distribution  with  sharp  and  sep¬ 
arated  peaks,  at  variance  with  the  case  of  40  Ca  +  96  Zr;  the  effect  of  the  octupole  coupling, 
if  any,  may  be  better  isolated. 

A  preliminary  experiment  has  been  performed  for  36 S  -f  96Zr,  and  the  measured  cross 
sections  are  shown  in  figure  2,  together  with  the  previous  results  for  the  two  Ca  +  Zr 
systems.  The  36 S  +  96 Zr  cross  sections  are  found  to  be  intermediate  between  those  of  the 
other  two  systems,  nearer  to  the  40Ca  +  96Zr  excitation  function.  A  more  detailed  study 
of  36  S  +  96 Zr  will  be  performed  at  LNL  soon,  with  small  energy  steps  and  high  statistical 
accuracy,  to  enable  us  to  extract  the  barrier  distribution  from  the  second  derivative  of  the 
excitation  function. 


3.  The  case  of  40Ca  +  124^116)Sn 

Large  multinucleon  transfer  cross  sections  were  measured  for  40 Ca  +  124Sn  [6]  a  couple 
of  years  ago,  as  well  as,  more  recently,  for  40Ca  +  96Zr  [7].  A  proton-rich  projectile  (40Ca) 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


145 


A  M  Stefanini 


110  115  120  125 

E  (MeV) 

cm 


Figure  3.  The  fusion  excitation  functions  for  40Ca  +  124,^116^Sn. 


collides  with  neutron-rich  targets,  hence  the  Q-values  for  neutron  pick-up  channels  are 
very  positive  in  both  cases,  ranging  from  «  +5  MeV  to  «  H-12  MeV  for  the  transfer  of  up 
to  8  neutrons.  It  is  interesting  to  point  out  that  the  angle-  and  Q-integrated  cross  sections 
for  each  individual  transfer  channel  are  very  similar  in  the  two  systems. 

The  measurement  of  fusion-evaporation  cross  sections  of  40Ca  +  124Sn  was  recently 
performed  at  LNL,  in  the  relevant  energy  range  near  the  Coulomb  barrier.  The  resulting 
evaporation  residue  (ER)  cross  sections  are  plotted  in  figure  3;  since  the  fusion-fission 
cross  sections  are  estimated  to  be  very  small  (only  a  few  mb  at  the  highest  energies), 
the  data  can  be  considered  total  fusion  cross  sections  with  little  uncertainty.  At  selected 
energies,  ER  yields  were  also  measured  for  the  40 Ca  +  116Sn  systems.  These  are  reported 
in  figure  3  too,  with  a  small  shift  of  the  energy  to  compensate  for  the  Coulomb  barrier 
difference  between  the  two  cases. 

The  two  excitation  functions  overlap  almost  perfectly.  We  know  that  the  nuclear  struc¬ 
tures  of  124  Sn  and  116Sn  are  very  similar;  the  Q- values  for  neutron  pick-up  in  40 Ca  + 
116Sn  are  positive  («  2-3  MeV),  although  not  so  large  as  in  the  reaction  with  124Sn.  One 
may  argue  that  either  such  transfer  processes  do  not  influence  at  all  the  fusion  dynamics, 
or  that  their  effect  (if  significant)  is  very  similar  in  the  two  cases.  An  analogous  situation 
was  found  in  the  study  of  40 Ar  +  112,116,122^  ^  Reisdorf  et  al  [8].  It  is  possible,  for 
40 Ca  4-  124Sn  only,  to  extract  the  barrier  distribution  from  the  data.  The  case  of  40 Ca  + 
116Sn  needs  a  more  detailed  experimental  study,  i.e.  many  more  points  around  and  below 
the  barrier. 

Since  one  has  very  similar  Q-values  for  few-  and  multi-nucleon  transfer  channels  in  40 Ca 
+  96Zr,  124Sn,  it  is  interesting  to  compare  their  behaviour  as  far  as  fusion  is  concerned. 
Figure  4  shows  the  excitation  functions  in  a  reduced  energy  scale  (top):  the  sub-barrier 
cross  sections  of  40 Ca  +  96 Zr  are  significantly  larger.  The  two  barrier  distributions  are 
reported  in  the  lower  part  of  figure  4.  As  in  the  case  of  40 Ca  +  96 Zr,  no  defined  peak  is 
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Figure  4.  The  reduced  fusion  excitation  functions  of  40Ca  +  124Sn,  96Zr  (top),  and  the 
corresponding  barrier  distributions  (down). 


seen  in  the  distribution  for  40 Ca  +  124Sn  and  an  overall  bump-like  shape  is  observed  for 
both  systems. 

The  distribution  for  40Ca  +  96Zr  extends  slightly  farther  down  in  energy.  The  underlying 
reason(s)  are  not  clear  at  this  level,  and  a  consideration  of  the  Q-value  and  angle-integrated 
transfer  cross  sections  for  the  two  systems  does  not  help  in  this  respect.  Actually  the  mass 
and  Z  distributions  of  Ca-like  ejectiles  are  very  similar  in  the  two  systems,  as  stated  above; 
the  yields  of  corresponding  nuclides  rarely  differ  by  more  than  a  factor  two.  Hence,  the 
mechanism  leading  to  larger  sub-barrier  fusion  cross  sections  in  40Ca  -f  96 Zr  might  be 
looked  for  elsewhere.  A  possibility,  supported  by  calculations,  is  the  very  strong  octupole 
vibration  of  96Zr  at  ~  1.8  MeV;  the  corresponding  excitation  in  124Sn  is  much  less  collec¬ 
tive  and  is  found  at  ~2.6  MeV. 


4.  Analysis  with  simplified  coupled-channel  calculations 

Simplified  coupled-channels  (CC)  calculations  have  been  performed  for  40Ca  +  124Sn  with 
the  code  CCMPH  [9],  which  allows  for  multi-phonon  and  multinucleon  transfer  modes  to 
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Figure  5.  The  fusion  excitation  function  of  40Ca  +  124Sn,  (top),  and  the  corresponding 
barrier  distribution  (down),  compared  with  the  results  of  coupled-channel  calculations 
(see  text). 


be  coupled  in.  As  far  as  inelastic  excitations  are  concerned,  the  lowest  2+  and  3“  states 
of  124Sn  have  been  included,  together  with  the  strong  octupole  vibration  of  40Ca,  although 
it  lies  rather  high  in  energy.  The  Akyiiz-Winther  potential  has  been  used,  with  a  slightly 
larger  diffusivity  a  —  0.76  fm.  The  mutual  excitations  of  the  Ca  and  Sn  states  have  been 
considered  too. 

Sequential  transfer  of  up  to  four  neutrons  has  been  included  in  the  coupling  scheme. 
The  form  factors  for  single-neutron  pick-up  are  the  same  as  used  in  ref.  [6],  which  lead 
to  a  good  agreement  with  the  experimental  transfer  cross  section  and  Q-value  distribu¬ 
tion.  They  were  derived  following  Quesada  et  al  [10]  and  include  a  set  of  transitions  from 
six  shell  model  states  in  123Sn  (l/in/2,  2d3/2, 3si/2, 2d5/2,  l<?7/2, l<?9/2)  to  four  states  in 
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41Ca  (I/5/2,  2p!/2, 2p3/2, 1/7/2)-  Here  the  single  form  factors  have  been  combined  into 
one  effective  form  factor,  as  a  quadratic  sum  of  the  individual  ones.  This  effective  one- 
neutron  form  factor  F\n  is  close  to  3  MeV  at  the  barrier  radius.  For  the  2 n,  3 n  and  4 n  pick¬ 
up  channels,  whose  Qgs  are  lage  and  positive,  the  prescription  of  Broglia  et  al  [  1 1  ]  has  been 
used,  which  leads  to  F2n  —  x  3/2 F\n,  F3n  =  y/3  x  13/6F\n  and  F4n  =  73/12Fin.  In 

the  CCMPH  calculations,  zero  Q-values  (close  to  the  optimum  Q-values)  were  attributed 
to  all  of  these  channels. 

The  results  of  the  CCMPH  calculations  are  shown  in  figure  5.  The  fusion  excitation 
function  is  in  good  agreement  with  the  data,  and  it  shows  that  large  enhancements  are  pro¬ 
duced  both  by  inelastic  excitations  and  by  neutron  transfer  channels;  the  role  of  proton 
stripping  channels  should  be  investigated  as  well.  However,  the  calculated  barrier  distribu¬ 
tion  looks  like  shifted  in  energy  with  respect  to  the  ‘experimental’  one,  although  having  an 
overall  correct  shape. 

We  see,  anyway,  that  the  complete  and  detailed  sets  of  data  obtained  for  40 Ca  ~f  124  Sn 
(and  for  other  few  cases  as  well)  are  suitable  for  a  unified  treatment  of  all  the  reaction  chan¬ 
nels.  It  seems  particulary  interesting  to  me  the  use  of  form  factors  that  fit  the  experimental 
transfer  data,  for  the  coupled-channel  calculation  of  fusion  at  low  energies. 

The  simplified  CC  approach  we  have  followed  in  the  analysis  of  the  present  40  Ca  + 
124Sn  system  suffers  from  various  approximations,  and  hence  no  defined  conclusion  should 
be  drawn  out  of  it.  But  I  feel  it  is  a  step  in  the  right  direction,  in  order  to  better  understand 
the  dynamics  of  low-energy  fusion. 
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Abstract.  The  availability  of  precisely  measured  fusion  excitation  functions  have  allowed  the  de¬ 
termination  of  experimental  fusion  barrier  distributions.  This  concept  is  utilised  in  9 Be  -f  208  Pb 
reaction,  to  reliably  predict  the  expected  complete  fusion  cross-sections.  However,  the  measured 
cross-sections  are  found  to  be  only  68%  of  those  predicted.  The  large  cross-sections  observed  for 
incomplete  fusion  products  support  the  interpretation  that  this  suppression  of  fusion  is  caused  by  9  Be 
breaking  up  into  charged  fragments  before  reaching  the  fusion  barrier. 

Keywords.  Fusion;  barrier  distribution;  breakup;  incomplete  fusion. 

PACSNo.  25.70.Jj 


1.  Introduction 

It  is  now  well  accepted  that  fusion  near  the  Coulomb  barrier  is  strongly  affected  [1,2]  by 
intrinsic  degrees  of  freedom  of  the  interacting  nuclei,  whose  coupling  with  the  relative  mo¬ 
tion  effectively  causes  a  splitting  in  energy  of  the  single,  uncoupled  fusion  barrier.  This 
gives  rise  to  a  distribution  of  barrier  heights  [3],  some  higher  and  some  lower  in  energy  than 
the  uncoupled  barrier.  The  experimental  effort  towards  obtaining  precisely  measured  [4-8] 
fusion  cross-sections  has  been  extremely  successful,  with  one  of  the  main  outcomes  being 
the  ability  to  extract  an  experimental  fusion  barrier  distribution  [9].  This,  combined  with 
improved  theoretical  models  has  led  to  a  better,  in  some  cases  quantitative,  understand¬ 
ing  of  the  effects  induced  by  target  and  projectile  structure,  as  discussed  by  Rowley  [10], 
Stefanini  [11]  and  others  [12]  during  this  workshop. 

We  are  now  at  a  stage  where  we  can  start  to  exploit  our  knowledge  of  the  near-barrier 
fusion  process  in  order  to  explain  properties  of  the  compound  nucleus  and  its  decay.  For 
example,  this  has  helped  in  understanding  the  strong  enhancement  of  the  superdeformed 
band  population  in  135Nd  [13].  The  renewed  confidence  in  calculations  of  sub-barrier 
fusion  angular  momentum  distributions  has  led  to  explanations  [14]  for  the  anomalously 
large  fission  fragment  anisotropies  observed  in  reactions  with  actinide  nuclei  in  terms  of  the 
dynamics  of  the  fusion  process,  rather  than  in  terms  of  flaws  in  fusion  models.  Knowledge 
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of  the  fusion  process  with  stable  beams  is  also  the  first  step  towards  understanding  fusion 
with  unstable  nuclei  and  it  is  this  aspect  that  will  be  discussed  in  this  paper. 

The  advent  of  radioactive  beam  facilities  has  enabled  the  study  of  unstable  neutron-rich 
nuclei  which  have  very  weakly  bound  neutrons  and  exhibit  characteristic  features  such 
as  a  neutron  halo  [15]  extending  to  large  radii,  and  a  low  energy  threshold  for  breakup. 
The  extended  nuclear  matter  distribution  is  expected  to  lead  [16]  to  a  lower  fusion  barrier, 
and  thus  to  an  enhancement  in  fusion  cross-sections  [17]  compared  to  those  for  tightly 
bound  nuclei.  The  effect  of  couplings  to  channels  which  act  as  doorways  to  breakup  is, 
however,  controversial  [18-21].  Any  coupling  will  enhance  the  sub-barrier  cross-sections, 
whereas  breakup  may  result  in  capture  of  only  a  part  of  the  projectile,  thus  suppressing 
complete  fusion.  Model  predictions  [18-20],  however,  differ  in  the  relative  magnitudes 
of  enhancement  and  suppression.  To  investigate  these  aspects,  fusion  excitation  functions 
for  9,11Be  +  238U  [22]  and  9,10,11Be  _j_  209gj  [23]  were  measured  at  energies  around  the 
barrier.  The  reactions  with  the  stable  9 Be  were  included  for  comparison.  The  fusion  cross- 
sections  for 10,11  Be  +  209 Bi  at  energies  near  and  below  the  barrier  were  found  to  be  similar 
to  those  for  9 Be,  while  above  the  barrier  the  9 Be  induced  reaction  gave  the  lowest  fusion 
yield.  It  is  not  obvious  whether  this  is  due  to  differing  enhancement  or  suppression  for  the 
stable  and  unstable  projectiles. 

To  investigate  the  effect  on  fusion  of  couplings  specific  to  unstable  neutron-rich  nuclei, 
it  is  necessary  to  reliably  predict  the  cross-sections  expected  in  their  absence.  Thus,  in  the 
above  cases,  definitive  conclusions  are  difficult  unless  fusion  with  9  Be  is  well  understood. 
This  requires  knowledge  of  the  energy  of  the  average  fusion  barrier,  and  information  on 
the  couplings.  Both  these  can  be  obtained  from  the  distribution  of  fusion  barriers  extracted 
from  a  precisely  measured  fusion  excitation  function.  The  shape  of  the  experimental  bar¬ 
rier  distribution  is  indicative  of  the  couplings  present  and  its  centroid  gives  the  average 
barrier  position.  Precise  fusion  excitation  function  measurements  [24]  for  the  reaction 
9  Be  +  208  Pb,  with  the  aim  of  extracting  the  barrier  distribution,  were  therefore  made  at  the 
Australian  National  University.  The  experimental  details  are  described  in  the  next  section. 
Section  3  discusses  the  identification  of  the  products  of  complete  fusion,  followed  by  §4 
where  the  result  of  the  experimental  determination  of  average  barrier  energy,  along  with 
the  comparison  with  coupled  channels  calculations  are  presented.  Section  5  presents  the 
results  of  the  incomplete  fusion  measurements,  followed  by  a  summary  in  §6. 


2.  The  experiment 

The  experiments  were  performed  with  pulsed  9 Be  beams  (Ins  on,  Ips  off)  in  the  energy 
range  35.0-5 1.0  MeV  in  1  MeV  steps,  from  the  14UD  tandem  accelerator  at  the  Australian 
National  University.  Targets  were  of  enriched  208 PbS,  340-400  pg/ cm2  in  thickness, 
evaporated  onto  15  pg/cm 2  C  foils.  Two  monitor  detectors,  placed  above  and  below  the 
beam  axis,  measured  the  elastically  scattered  beam  particles  for  normalization  purposes. 
Recoiling  heavy  reaction  products  were  stopped  in  aluminium  catcher  foils  of  thickness 
360  pg/ cm2,  placed  immediately  behind  the  target.  The  cross-sections  for  the  reaction 
products  or  the  evaporation  residues  were  determined  by  measuring  the  a-particles  emitted 
during  their  subsequent  decay.  The  products  were  identified  by  their  distinctive  a-energies 
and  half-lives  (270  ns  to  138  days).  Alpha  particles  from  short-lived  activity  (half-life 
T\ /2  <  26  s)  were  measured  in  situ  between  the  beam  bursts,  using  an  annular  silicon 
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surface  barrier  detector  placed  at  a  mean  angle  of  174°  to  the  beam  direction.  These  were 
measured  at  all  beam  energies  using  the  same  target.  This  eliminated  uncertainties  in  the 
beam  energy  difference  between  data  points  which  would  result  from  the  use  of  different 
targets.  Fusion  evaporation  residues  at  energies  higher  than  47  MeV  are  long-lived  (7\ /2  > 
24  min).  Their  cross-sections  were  determined  by  using  an  un-irradiated  target  and  catcher 
at  each  energy.  Alpha  particles  from  these  products  were  measured  using  a  silicon  surface 
barrier  detector  situated  below  the  annular  counter,  such  that  the  target  and  catcher  could 
be  placed  at  a  close  geometry  to  the  detector  after  the  irradiation.  The  relative  solid  angles 
of  the  two  detectors  were  determined  using  the  T\/2  —  24  min  212Rn  activity. 

Fission  following  fusion  was  measured  during  the  irradiations  using  two  large  area  po¬ 
sition  sensitive  multi-wire  proportional  counters  (MWPCs),  centred  at  45°  and  —135°  to 
the  beam  direction.  Absolute  cross-sections  for  evaporation  residues  and  fission  were  de¬ 
termined  by  performing  calibrations  at  sub-barrier  energies  in  which  elastically-scattered 
projectiles  were  detected  in  the  two  monitor  detectors,  the  annular  detector  and  the 
backward-angle  MWPC. 


3.  Identification  of  the  products  of  complete  fusion 

The  compound  nucleus  217Rn  formed  following  complete  fusion  of  9Be  with  208Pb  cools 
mainly  by  neutron  evaporation.  The  measured  cross-sections  for  2 n,  3 n,  4 n  and  5 n  evapo¬ 
ration  residues  are  shown  in  figure  la.  No  proton  evaporation  residues  were  observed. 
In  addition  to  the  a-particles  from  the  decay  of  Rn  nuclei,  a-particles  from  the  decay 
of  210>211Po  and  212Po  nuclei  were  also  observed  as  shown  by  hollow  points  and  filled 
diamonds  respectively  in  figure  lb.  Po  nuclei  are  formed  as  daughters  of  the  Rn  nuclei 
following  their  a-decay.  However,  the  observed  Po  yields  are  much  greater  than  expected 
from  the  Rn  yields.  The  filled  points  show  the  210>211>212po  yields  obtained  after  sub¬ 
traction  of  the  component  resulting  from  the  decay  of  the  Po  nuclei,  formed  as  daughters 
of  the  Rn  nuclei.  The  non-zero  values  of  the  Po  yields  are  a  clear  indication  that  there 
is  also  a  direct  population  mechanism.  In  principle  the  Po  nuclei  could  originate  from 
complete  fusion  followed  by  axn  evaporation.  However  the  shapes  of  the  excitation  func¬ 
tions  for  these  nuclei  are  distinctly  different  from  those  in  figure  la,  and  are  not  typical  of 
fusion-evaporation . 

To  investigate  the  origin  of  the  Po  yield,  the  same  compound  nucleus  21 '  Rn  was  formed 
at  similar  excitation  energies  in  the  reaction  13C  +  204Hg.  The  211>212p0  a-decays,  to 
which  the  measurement  was  most  sensitive,  had  cross-sections  of  <5  mb,  compared  with 
a  total  of  ~160  mb  for  the  9  Be  +  208  Pb  reaction.  Furthermore,  the  fusion  cross-sections 
determined  from  the  sum  of  the  xn  evaporation  and  fission  cross-sections  agreed  with  the 
predictions  of  a  coupled  channels  calculation  and  the  Bass  model  [25],  indicating  that  the 
xn  evaporation  yield  essentially  exhausts  the  total  evaporation  residue  cross-section.  Thus, 
the  direct  Po  production  observed  in  the  9 Be  reaction  cannot  be  due  to  complete  fusion. 
It  is  attributed  to  incomplete  fusion,  and  will  be  discussed  in  §5.  The  observed  fission 
cross-sections  were  attributed  to  complete  fusion  of  9  Be  +  208 Pb,  since  fission  following 
incomplete  fusion  should  be  negligible  due  to  the  lower  angular  momentum  and  excitation 
energy  brought  in,  and  the  higher  fission  barriers  of  the  resulting  compound  nuclei. 

Thus,  the  cross-section  for  complete  fusion,  defined  as  the  capture  of  all  the  charge  of 
the  9 Be  projectile,  was  obtained  by  summing  the  Rn  xn  evaporation  residue  cross-sections 
and  the  fission  cross-section  at  each  energy. 
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Figure  1.  (a)  The  measured  cross-sections  for  fission  and  the  production  of  Rn  isotopes, 
(b)  The  total  (hollow  points)  and  the  direct  (solid  points)  production  of  the  Po  isotopes 
as  indicated.  The  dashed  lines  guide  the  eye. 


4.  Determination  of  the  barrier  height  and  comparison  with  calculations 

The  excitation  function  for  complete  fusion  and  the  experimental  barrier  distribution 
d2  (.Ecrfus) / dE2  are  shown  by  the  filled  circles  in  figure  2a  and  2b,  respectively.  The 
barrier  distribution  has  been  evaluated  using  a  point  difference  formula  [6]  with  a  c.m. 
energy  step  of  1.92  MeV.  The  average  barrier  position  obtained  from  the  experimental  bar¬ 
rier  distribution  is  38.3d=0.6  MeV.  To  predict  the  fusion  cross-sections  expected  from  the 
measured  barrier  distribution,  realistic  coupled  channels  calculations  [26]  were  performed 
using  a  Woods-Saxon  form  for  the  nuclear  potential  chosen  such  that  the  average  barrier 
energy  of  these  calculations  matched  that  measured.  Couplings  to  the  5/2“  and  7/2~  states 
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Figure  2.  (a)  The  excitation  function  for  complete  fusion  (filled  circles)  and  (b)  the 
barrier  distribution  for  the  reaction  9 Be  -f  208 Pb.  The  dotted  line  shows  the  calculation 
assuming  a  single  barrier.  The  dashed  line  is  the  result  of  a  coupled  channels  calculation 
(see  text)  which  ignores  breakup  effects.  The  full  line  is  the  same  calculation  scaled  by 
0.68.  The  sum  of  measured  complete  and  incomplete  fusion  cross-sections  is  given  by 
the  hollow  circles. 

of  the  Kn=  3/2“  ground-state  rotational  band  [27]  in  9Be,  and  to  the  3”,  5~  and  the  double 
octupole-phonon  [28,29]  states  in  208Pb,  were  included.  Coupling  strengths  were  obtained 
from  the  experimental  ground  state  quadrupole  moment  [27]  of  9  Be,  and  experimental 
deformation  lengths  [30]  for  one-phonon  states  in  208 Pb.  Couplings  to  the  double  octupole- 
phonon  states  in  208  Pb  were  calculated  in  the  harmonic  limit. 

The  results  of  these  calculations  are  shown  in  figure  2a  and  2b  by  the  dashed  lines.  They 
reproduce  satisfactorily  the  asymmetric  shape  of  the  measured  barrier  distribution.  The 
area  under  the  calculated  distribution  is  a  measure  of  the  geometrical  cross-section  irR2, 
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where  R  is  the  fusion  barrier  radius.  The  measured  distribution  shows  a  much  smaller 
area  than  the  calculation,  despite  the  barrier  energies  being  in  agreement.  This  disagree¬ 
ment  is  necessarily  reflected  in  the  cross-sections  as  well,  where  the  calculated  values  are 
considerably  larger  than  those  measured.  This  is  in  contrast  to  fusion  with  tightly  bound 
projectiles  [4-8],  such  as  16 O  and  19F,  where  calculations  which  correctly  reproduce  the 
average  barrier  position  and  the  shape  of  the  barrier  distribution,  and  hence  has  the  right 
potential  parameters  and  couplings,  give  an  extremely  good  fit  to  the  cross-sections.  The 
disagreement  for  9 Be  ±  208 Pb,  even  though  the  barrier  energies  are  correctly  reproduced, 
suggests  the  presence  of  a  mechanism  hindering  fusion.  Agreement  can  be  achieved  if  the 
calculated  fusion  cross-sections  are  scaled  by  0.68,  resulting  in  the  full  lines  in  figure  2a 
and  2b.  This  scaling  factor  will  be  model  dependent  at  the  lowest  energies,  as  the  calcula¬ 
tions  are  sensitive  to  the  types  of  coupling  and  their  strength.  However,  at  energies  around 
and  above  the  average  barrier,  the  scaling  factor  is  more  robust,  since  changes  in  the  cou¬ 
plings  or  potential  shape  within  the  constraints  of  the  measured  barrier  distribution,  does 
affect  the  calculations  significantly.  The  suppression  factor  of  0.68  has  an  uncertainty  of 
±0.07  arising  from  the  uncertainty  in  the  mean  barrier  energy. 


5.  Incomplete  fusion 

The  suppression  of  complete  fusion  discussed  above,  may  be  correlated  with  the  large 
yields  of  210>211>212po  which,  as  mentioned  in  §3,  are  not  the  products  of  complete  fusion. 
These  can  be  formed  if  9 Be  breaks  up  into  4,5 He  or  two  a  particles  and  a  neutron,  and  one 
of  the  charged  fragments  is  captured  by  the  208 Pb.  If  all  the  fragments  are  captured  then 
this  process  cannot  be  distinguished  experimentally  from  fusion  without  breakup,  and  is 
included  in  the  complete  fusion  yield.  Incomplete  fusion  products  following  the  breakup  of 
9Be  giving  6,7,8Li  were  not  observed;  they  are  unfavoured  due  to  large  negative  Q  values. 
The  large  cross-sections  for  incomplete  fusion,  approximately  half  of  those  for  complete 
fusion,  demonstrate  that  9  Be  has  a  substantial  probability  of  breaking  up  into  charged 
fragments.  The  sum  of  the  complete  and  incomplete  fusion  cross-sections  is  indicated  by 
the  hollow  circles  in  figure  2a.  It  is  interesting  to  note  that  they  match  the  predictions  of 
the  un-scaled  coupled  channels  fusion  calculation,  suggesting  a  direct  relationship  between 
the  flux  lost  from  fusion  and  the  incomplete  fusion  yields.  However,  such  a  simple  direct 
comparison  is  not  strictly  possible,  since  the  cross-sections  for  incomplete  fusion  may 
include  contributions  from  higher  partial  waves  which  may  not  have  led  to  complete  fusion. 

The  suppression  of  fusion  observed  in  this  experiment  can  be  attributed  to  a  reduction 
of  flux  at  the  fusion  barrier  radius  due  to  breakup  of  the  9 Be  projectiles.  It  would  be 
interesting  to  investigate  whether  the  breakup  is  dominated  by  the  long  range  Coulomb  or 
the  short  range  nuclear  interaction.  Comparison  of  the  present  results  with  those  existing 
for  lighter  targets  [31-33]  may  give  additional  insights. 


6.  Discussion  and  summary 

In  studies  of  breakup  effects  for  neutron-rich  unstable  nuclei,  attention  has  been  on  the 
neutron  separation  energy  [34],  which  for  11  Be  is  0.50  MeV,  compared  with  1.67  MeV  for 
9 Be.  This  led  to  the  expectation  that  breakup  effects  in  11  Be  induced  reactions  would  affect 
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(suppress  or  enhance  depending  on  the  theoretical  approach)  fusion  more  strongly  com¬ 
pared  with  those  induced  by  9 Be.  However,  the  experimental  data  could  not  be  explained 
on  this  basis.  The  present  experiment  demonstrates  that  breakup  into  charged  fragments 
affects  fusion  very  significantly.  The  two  most  favourable  charged  fragmentation  channels 
for  9,11  Be  are  : 

9Be  ->  n  +  2a;  Q  =  -1.57  MeV 
a  +5  He;  Q  =  -2.47  MeV 
uBe  -»  a  +6  He  +  n;  Q  = -7.91  MeV 
a  +  a  4-  3 n;  Q  =  -8.89  MeV, 

making  9 Be  more  unstable  in  this  regard  than  11  Be.  Reactions  with  9 Be  therefore  offer 
an  excellent  opportunity  to  study  breakup  and  its  effect  on  fusion,  but  they  should  not  be 
taken  as  a  stable  standard  against  which  to  judge  the  breakup  effects  of  unstable  nuclei. 

In  summary,  precise  complete  and  incomplete  fusion  cross-sections  have  been  mea¬ 
sured  [24]  for  9  Be  +  208 Pb  near  the  Coulomb  barrier.  The  barrier  distribution  for  complete 
fusion  shows  conclusively  that  complete  fusion  of  9  Be  is  suppressed  compared  with  the 
fusion  of  more  tightly  bound  nuclei.  The  calculated  fusion  cross-sections  need  to  be  scaled 
by  a  factor  0.68±0.07  in  order  to  obtain  a  consistent  representation  of  the  measured  fusion 
excitation  function  and  barrier  distribution.  The  loss  of  flux  at  the  fusion  barrier  implied  by 
this  result  can  be  related  to  the  observed  large  cross-sections  for  Po  nuclei,  demonstrating 
that 9  Be  has  a  large  probability  of  breaking  up  into  two  helium  nuclei,  which  suppresses  the 
complete  fusion  yield.  These  measurements,  in  conjunction  with  breakup  cross-sections 
and  elastic  scattering  data,  should  encourage  a  complete  theoretical  description  of  fusion 
and  breakup. 
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Abstract.  Study  of  heavy  ion  induced  fusion-fission  reactions  at  near  and  below  barrier  energies 
has  attracted  a  great  deal  of  attention  in  recent  years,  due  to  the  observations  of  anomalous  fea¬ 
tures  in  the  fragment  angular  distributions  for  many  target-projectile  systems.  Additionally  there  are 
also  measurements  of  the  fragment  spin  distributions  and  time-scales  of  the  fusion-fission  reactions, 
which  have  provided  important  information  on  the  dynamics  of  these  processes.  In  the  present  paper, 
the  emphasis  would  be  to  highlight  some  of  the  recent  experimental  findings  and  their  implications 
on  the  dynamics  of  the  fusion-fission  reactions  in  heavy  ion  collisions  at  near  and  above  barrier 
energies. 

Keywords.  Heavy  ions;  fission;  spin  distribution  of  fission  fragments;  AT-equilibration. 
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1.  Introduction 

Studies  of  heavy  ion  induced  fusion-fission  reactions  have  provided  valuable  information 
on  many  of  the  dynamical  features  underlying  these  processes.  The  experimental  obser¬ 
vations  of  large  scale  damping  of  the  collective  modes  in  fission  process  leading  to  large 
dynamical  delays  in  fission  decay  have  led  to  extensive  studies  earlier  in  this  field  [1-4]. 
Recently,  there  have  been  observations  of  anomalous  anisotropies  in  the  angular  distribu¬ 
tions  of  the  fission  fragments  in  comparison  to  the  standard  saddle  point  statistical  model 
(SSPSM)  predictions  in  a  large  number  of  target-projectile  systems.  The  anomaly  is  seen 
to  be  particularly  prominent  for  heavy  ion  induced  fission  reactions  using  actinides  such  as 
Th,  Np,  U  etc.  as  target  nuclei,  and  many  features  such  as  entrance  channel  mass  asymme¬ 
try  effects  at  the  above  barrier  energies,  peak-like  structures  and  ground  state  spin  effects 
at  sub-barrier  energies  have  been  reported.  These  results  suggest  the  need  to  invoke  new 
fission  modes  such  as  pre-equilibrium  fission,  quasi-fission  etc,  in  addition  to  the  fusion- 
fission  reactions  for  these  systems  even  at  near  barrier  energies  [5-8].  In  a  recent  review 
[9],  various  aspects  of  the  heavy  ion  fusion-fission  reactions  dealing  with  such  issues  have 
been  discussed. 

In  pursuant  of  our  earlier  investigations  on  the  fission  dynamics  in  these  heavy  systems, 
recently  we  have  carried  out  further  work  to  study  the  spin  distributions  of  fission  frag¬ 
ments  in  the  12C,  160,  19F  +  232Th  and  209Bi  reactions  [10,1 1].  The  present  paper  deals 
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with  one  particular  aspect  of  this  work  with  regard  to  the  fragment  emission  angle  depen¬ 
dence  of  fragment  spins  in  these  systems.  This  study  has  convincingly  resolved  one  of  the 
long  standing  issues  that  the  angular  variation  of  the  fragment  spin  and  the  fragment  angu¬ 
lar  distribution  could  not  be  simultaneously  explained  within  the  SSPSM  formalism  using 
the  same  A"-distribution  [12-14].  From  the  analysis  of  the  data  obtained  in  the  present 
measurements  as  well  as  those  available  from  the  literature  on  the  emission  angle  depen¬ 
dence  of  the  fragment  spin,  we  show  that  the  collective  spin  modes  are  suppressed  for  high 
if -states  in  the  fission  process.  The  following  section  gives  the  experimental  details  and 
data  analysis  procedure.  Section  3  contains  the  discussions  of  the  results  and  §4  gives  the 
conclusions  of  the  present  work. 


2.  Experimental  details  and  data  analysis 

The  experiments  were  carried  out  using  12C,  16 O  and  19 F  beams  from  the  14  MV  BARC- 
TIFR  pelletron  accelerator  at  Mumbai.  The  fission  fragments  were  detected  using  surface 
barrier  detectors  along  90°  and  165°  to  the  beam  direction.  The  gamma  rays  were  mea¬ 
sured  in  coincidence  with  fission  fragments  with  a  gamma  ray  detector  array  consisting 
of  15  hexagonal  BGO  detectors  (figure  1).  The  measured  gamma  ray  multiplicities  were 
analysed  to  extract  the  average  fission  fragment  spins  for  fragment  emission  along  90°  and 
165°  to  the  beam.  Details  of  the  experimental  setup  and  the  analysis  procedure  have  been 
described  in  earlier  references  [10,1 1].  Figure  2  shows  the  average  values  of  the  fragment 
spins  as  a  function  of  bombarding  energy  for  the  emission  angles  of  90°  (solid  circles) 
and  165°  (hollow  circles)  with  respect  to  the  beam  direction  for  12C,  ieO,  19F  +  232Th 
and  209 Bi  reactions  measured  in  the  present  work.  The  average  total  fragment  spins  for 
fragments  emitted  along  90°  to  the  beam  are  observed  to  be  larger  than  for  those  emitted 
along  165°  for  all  the  systems.  Also  the  angle  dependence  is  observed  to  get  weaker  as 
one  approaches  the  barrier  energy  Vb  . 

In  the  framework  of  the  statistical  model,  the  total  fragment  spin  is  given  as  [12,13] 


Figure  1.  Schematic  diagram  of  the  experimental  setup. 
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Figure  2.  Fragment  spin  as  a  function  of  bombarding  energy  for  emission  angles  of  90° 
(solid  circle)  and  165°  (open  circle).  The  solid  lines  are  the  modified  statistical  model 
calculations  as  discussed  in  the  text. 


(S2Tm  =  (f2I2CN  +  (1  -  f2)K2  +  S20l]),  (1) 

where  the  angular  brackets  in  the  above  equation  correspond  to  the  average  over  K  and  I- 
distributions  using  the  weight  factor  K  oc  exp(  —  K2 /2Kq)  and  taking  the  compound 
nuclear  /-distribution.  The  collective  spin  5coii  is  assumed  to  be  angle  independent  [10,12] 

and  is  given  as  5coii  A^T1/2  =  kA^^T1/2  where  k  is  a  proportionality  constant  and 
T  is  the  temperature  at  the  fission  saddle  point.  The  emission  angle  dependence  of  total 
fragment  spin  arises  essentially  due  to  the  second  term,  which  is  governed  by  the  Kq 
parameter,  i.e.  the  variance  of  the  Gaussian  distribution  of  K- states  at  the  fission  saddle 
point.  For  fragment  emission  along  6  —  165°  (0  ~  0 °,K  ~  0),  the  above  equation 
reduces  to 


(SU  0°))  =  (f2I2CN  +  (kA^T1'2)2).  (2) 

As  discussed  earlier  [11-14],  eq.  (1)  under  the  usual  assumption  of  the  constancy  of 
collective  spin  magnitude  Sco\\,  as  a  function  of  fragment  emission  angle  fails  to  provide 
adequate  description  of  the  emission  angle  dependence  of  fragment  spin.  The  calculated 
angular  dependence  of  fragment  spin  is  much  too  stronger  compared  to  the  experimental 
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Figure  3.  (a)  The  spin  suppression  factor  R  as  a  function  of  mean  square  spin  in  tilting 
mode  ( K 2).  The  various  symbols  correspond  to  the  different  systems  studied,  (b)  The 
spin  suppression  factor  R  as  a  function  of  the  quantity  (K2) /2Kq.  The  dashed  lines 
correspond  to  the  statistical  model  assumption  of  angle  independent  5coii. 


Figure  4.  Spin  suppression  factor  R  as  a  function  of  rotational  frequency  aj||  of  the 
tilting  mode  of  spin  excitation.  The  dashed  line  is  the  statistical  model  assumption. 
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results.  In  what  follows,  we  show  that  all  the  available  experimental  data  on  the  fragment 
spin  versus  emission  angle  require  that  5coii  depends  on  K,  thereby  implying  that  5coii 
varies  with  emission  angle  9.  Under  this  assumption  we  write  the  total  fragment  spin  as 

(• St(0))  =  (f2I2CN  +  (1  -  f)K 2  +  Sc2o1  ,(0)),  (3) 


where  Sco\\(9)  is  angle  dependent  and  can  be  written  as  Scon  =  kA5J^T1^2R(9),  where 

kA^^T1/2  is  the  collective  spin  magnitude  for  fragment  emission  along  0°  or  180°  direc¬ 
tion  and  R{9)  is  the  angle  dependent  reduction  factor  for  emission  along  other  angles.  Of 
course,  for  fragment  emission  along  6  ~  0°,  eq.  (3)  goes  over  to  eq.  (2). 

The  data  from  present  measurements  as  well  as  from  the  earlier  measurements  were 
analysed  as  follows.  The  experimentally  determined  spins  for  fragment  emission  along 
6  =  165°  direction  were  first  analysed  using  eq.  (2)  to  obtain  the  quantities  /  and  A;  by  a 
two  variable  least  square  fit  using  the  above  barrier  data  for  all  the  systems.  The  average 
compound  nucleus  angular  momentum  (I),  required  for  the  calculation  was  taken  from 
the  coupled  channel  calculations  which  explain  the  fission  excitation  functions  for  all  the 
systems.  The  spins  measured  for  fragment  emission  at  6  —  90°  to  the  beam  were  then 
analysed  using  eq.  (3).  The  values  of  ( K 2)  required  in  eq.  (3)  were  deduced  from  the 
Gaussian  ^-distribution  corresponding  to  the  values  of  Kq,  which  are  consistent  with  the 
measured  fragment  angular  anisotropies  [5,6,7,15-19]  as  given  by 


A  =  1  + 


4Kl 


(4) 


Using  the  values  of  (K2)  and  the  deduced  values  of  /  and  k  from  eq.  (2),  the  values  of  • 
£0011(90°)  could  be  deduced  that  explain  the  fragment  spins  at  6  =  90°.  It  was  found  that 
the  5Coii(90°)  values  are  lower  than  the  £coii(1650)  values  in  all  cases,  as  was  reported 
earlier  in  ref.  [11].  The  collective  spin  for  perpendicular  emission  of  fragments  is,  thus, 
observed  to  be  suppressed  in  comparison  to  the  forward-backward  emission.  This  sup¬ 
pression  factor  represented  by  R  —  5Coii(90o)/SCoii(165o)  is  shown  in  figure  3(a)  as  a 
function  of  mean  square  spin  in  the  tilting  mode  ( K 2)  for  the  various  systems  studied.  It 
is  seen  that  there  exists  a  definite  correlation  between  the  suppression  factor  R  and  ( K 2) 
for  all  the  reactions.  The  correlation  is  observed  to  be  even  more  systematic  and  universal 
when  plotted  as  a  function  of  the  mean  square  spin  in  the  tilting  mode  (K2)  normalised 
to  the  variance  Kq  of  the  76-distribution  at  the  saddle  point  as  shown  in  figure  3(b).  The 
observed  correlation  also  implies  that  the  collective  spin  is  suppressed  when  the  rotational 
frequency  cj||  =  \J (K2)/J\\  of  the  fissioning  nuclei  along  the  fission  symmetry  axis  in¬ 
creases,  as  shown  in  figure  4.  Higher  the  rotational  frequency  of  the  fissioning  nucleus 
along  the  fission  symmetry  axis,  more  is  the  suppression  of  the  statistical  collective  modes 
of  the  fissioning  system.  The  statistical  model  predicts  a  constant  magnitude  for  the  value 
of  S^oii  as  shown  by  the  dashed  lines  in  figures  3  and  4. 


3.  Discussion 

From  the  above  observed  features  in  the  variation  of  R  with  the  tilting  mode  spin,  as  seen 
in  figure  3,  we  have  assumed  a  functional  dependence  of  the  form  (shown  by  solid  curve 
in  figure  3(b)),  Scon(9)  exp(-(i62)/2i6o)5coii(0°)  to  represent  the  suppression  of 
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Figure  5.  Total  fragment  spin  as  a  function  of  emission  angle.  The  dotted  curves  are 
the  results  of  the  statistical  model  calculations  of  Schmitt  et  al  [12].  The  solid  curves 
correspond  to  the  calculations  assuming  angle  dependence  of  collective  spin. 


collective  spin  modes  for  high  iT-states.  Using  this  functional  form,  we  have  calculated  the 
average  total  fragment  spin  as  a  function  of  fragment  emission  angle  for  all  the  systems. 
The  results  of  the  calculations  for  the  total  fragment  spin  for  fragment  emission  along  90° 
and  165°  are  shown  in  figure  2  for  all  the  systems  as  a  function  of  the  bombarding  energy. 
This  is  also  shown  as  a  function  of  emission  angle  for  several  bombarding  energies  in 
figure  5.  The  agreement  between  the  calculated  results  and  the  experimental  data  is  seen 
to  be  quite  good.  To  test  the  predicted  angle  dependence  of  the  present  model,  we  carried 
out  calculations  for  various  other  systems  in  120  MeV  ieO  induced  reactions  for  which 
Schmitt  et  al  [12]  have  carried  out  measurements  of  fragment  spin  at  several  different 
fragment  emission  angles.  These  results  are  shown  in  figure  6.  It  is  seen  that  the  angle 
dependence  of  fragment  spins  can  be  explained  very  well  with  the  modified  expression 
given  by  eq.  (3). 

The  physical  reason  for  the  suppression  of  the  collective  spin  modes  for  high  iT-states 
could  be  due  to  the  fact  that  the  spins  in  the  individual  fragments  due  to  collective  spin 
modes  such  as  wriggling,  bending  and  twisting  are  oppositely  directed  and  the  presence  of 
the  spin  component  due  to  the  tilting  mode  (for  which  the  individual  fragments  spins  are 
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Figure  6.  Modified  statistical  model  calculations  for  120  MeV  lbO  induced  reactions 
studied  by  Schmitt  et  al  [12]. 

aligned  in  the  same  direction)  results  in  individual  fragments  having  unequal  velocity  fields 
in  otherwise  equally  spinning  fragments  from  the  collective  modes.  This  difference  in  the 
velocity  field  between  the  two  fragments  may  act  to  retard  the  spinning  motion  in  the  two 
fragments.  The  suppression  in  the  collective  spin  is  then  expected  to  depend  on  the  amount 
of  excess  energy  required  to  excite  the  tilting  component.  For  K  —  0,  the  collective  spin 
is  fully  excited  and  is  given  by  5coii(0o).  For  higher  K  values  the  collective  spin  modes 
are  suppressed  by  an  amount  given  by  Sco\\{0,  K )  oc  exp(- A£yT)Scon(iT  =  0),  where 
A E  is  the  energy  required  to  excite  the  tilting  mode  and  T  is  the  temperature  at  the  fission 
saddle  point.  The  above  results  can  thus  be  represented  by  means  of  a  suppression  factor  R 
as  a  function  of  A E/T.  It  thus  follows  that  there  exists  a  universal  scaling  of  the  collective 
spin  suppression  factor  R  on  (K2)/2Kq  or  on  the  rotational  frequency  cj||  along  the  fission 
axis  as  shown  in  figures  3  and  4. 

4.  Conclusion 

The  present  work  has  shown  that  there  exists  a  dynamical  coupling  of  the  tilting  mode 
to  the  collective  spin  degrees  of  freedom.  It  is  found  that  the  collective  spin  modes  in 
heavy  ion  induced  fission  reactions  are  fully  excited  only  when  the  fragments  are  emitted 
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along  the  beam  direction  (K  ~  0)  and  there  is  a  suppression  of  collective  spins  at  other 
angles  corresponding  to  higher  iC-states.  The  suppression  of  collective  spins  exhibits  a 
universal  behaviour  with  respect  to  the  (K2)/2Kq  parameter  or  the  rotational  frequency 
of  the  fissioning  nucleus  along  the  fission  symmetry  axis. 
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Abstract.  Large  enhancements  have  been  observed  in  the  sub-barrier  fusion  cross  sections  for 
Ti  +  Ni  systems  in  our  previous  studies.  Coupled  channel  calculations  incorporating  couplings  to 
2+  and  3“  states  failed  to  explain  these  enhancements  completely.  A  possibilty  of  transfer  chan¬ 
nels  contributing  to  the  residual  enhancements  had  been  suggested.  In  order  to  investigate  the  role 
of  relevant  transfer  channels,  measurements  of  one-  and  two-nucleon  transfer  were  carried  out  for 
46,48 17  -f  64 Ni  systems.  The  present  paper  gives  the  results  of  these  studies. 

Keywords.  Transfer;  sub-barrier  fusion;  kinematic  coincidence. 

PACSNo.  25.70Jj 


1.  Introduction 

Fusion  and  transfer  are  two  important  modes  of  interaction  of  heavy  ions  at  energies  near 
the  Coulomb  barrier.  The  fusion  process  at  sub-barrier  energies  has  usually  been  explained 
on  the  basis  of  the  one  dimensional  barrier  penetration  model.  However,  in  the  early  80’s, 
large  enhancements  in  the  fusion  cross  sections  were  observed  by  Beckerman  and  others 
[1]  in  the  fusion  of  heavy  ions  at  below  barrier  energies.  This  effect  has  been  attributed 
to  the  coupling  of  the  fusion  channel  to  various  other  degrees  of  freedom.  These  include 
inelastic  excitations,  deformation  of  the  projectile  and  the  target,  nucleon  transfer  etc.  Cou¬ 
pled  channel  calculations  including  the  contributions  from  the  above  channels  have  shown 
good  agreement  with  the  observed  fusion  enhancements  [2].  A  number  of  review  articles 
have  been  published  to  date  on  the  subject  [3]. 

Few  nucleon  transfer  reactions  in  the  near  and  sub-barrier  heavy  ion  collisions  consti¬ 
tute  a  significant  part  of  the  reaction  cross  section.  A  full  quantum  mechanical  description 
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of  the  process  becomes  very  tedious  and  involved.  However,  semiclassical  methods  are 
expected  to  be  applicable.  Also,  efforts  have  been  made  to  utilize  the  experimental  transfer 
data  along  with  the  semiclassical  approach  for  a  reliable  extraction  of  the  transfer  form  fac¬ 
tors.  The  form  factors  provide  a  quantitative  input  for  taking  into  account  the  possible  role 
of  the  transfer  channels  in  the  coupled  channels  approach  for  understanding  the  observed 
enhancements  in  the  sub-barrier  fusion  observables  like  cross  section,  average  spin  etc. 

The  transfer  measurements  at  the  above  barrier  energies  utilize  the  data  forward  of  the 
grazing  angle  in  order  to  extract  the  transfer  probability  as  a  function  of  the  closest  distance 
of  approach.  However,  the  transfer  probabilities  derived  were  found  to  be  in  disagreement 
with  the  theoretically  derived  values  using  the  semiclassical  approach.  This  is  the  so  called 
slope  anomaly  [4].  An  interpretation  of  this  has  been  possible  based  on  the  interference 
of  the  Coulomb  and  nuclear  branches  of  the  deflection  function  [4].  In  contrast  to  the 
above  barrier  data,  the  semiclassical  methods  have  been  found  to  describe  the  sub-barrier 
measurements  quite  successfully  as  contributions  to  the  observed  scattering  process  arise 
from  the  trajectories  with  impact  parameters  corresponding  to  the  Coulomb  branch  only. 
Thus  the  sub-barrier  measurements  offer  a  completely  unambiguous  and  reliable  way  of 
extracting  the  transfer  form  factors.  Besides,  the  extraction  of  the  transfer  form  factors 
from  detailed  experimental  data  for  the  multi-neutron  and  proton  transfer  data  in  the  sub¬ 
barrier  region  should  provide  a  simple  and  stringent  test  of  the  semiclassical  concepts  while 
describing  the  transfer  process  at  large  inter  nuclear  distances. 

At  the  Nuclear  Science  Centre,  New  Delhi,  we  had  carried  out  a  few  measurements  [5,6] 
on  the  sub-barrier  fusion  of  some  Ti  +  Ni  systems  using  the  Pelletron  accelerator  and  the 
Recoil  Mass  Separator  HIRA  installed  there.  These  studies  revolve  around  the  quantitative 
test  of  the  importance  of  the  transfer  channel  coupling  (especially  the  positive  Q-value  two 
neutron  pick  up  for  the  reactions  involving  64 Ni  target,  which  are  2.58  MeV  and  4.01  MeV 
respectively  for  48 Ti  and  46 Ti  projectiles)  which  has  been  invoked  in  an  empirical  explana¬ 
tion  of  the  observed  isotopic  dependence  of  the  fusion  enhancement  [5,6].  To  complement 
the  fusion  measurements,  we  have  carried  out  transfer  measurements  also  on  the  two  sys¬ 
tems  46»48Ti  +  64 Ni.  In  these  measurements  we  have  resorted  to  a  kinematic  coincidence 
technique  for  detecting  the  transfer  products  in  order  to  overcome  the  problems  associated 
with  the  M /q  ambiguity  at  the  focal  plane  of  the  HIRA.  Such  a  technique  was  earlier  seen 
to  be  helpful  in  this  aspect  [7].  In  the  following  sections  the  details  of  these  measurements 
and  the  important  results  obtained  are  given. 


2.  Experimental  details 

Experiments  have  been  carried  out  using  46,48Ti  beams  with  energies  ranging  from  120 
MeV  to  142  MeV,  obtained  from  the  16  MV  Pelletron  accelerator  at  the  Nuclear  Sci¬ 
ence  Centre,  New  Delhi.  Self-supporting  64 Ni  targets  with  thickness  of  240  /rg/cm2 
were  used.  The  recoiling  target  like  nuclei  at  20°  enter  the  Recoil  Mass  Separa¬ 
tor  HIRA.  These  have  been  detected  at  the  focal  plane  of  the  HIRA  by  a  gas  detec¬ 
tor  system  [8]  consisting  of  a  front  end  multiwire  proportional  counter,  position  sen¬ 
sitive  in  two  directions,  backed  by  a  A E  —  E  gas  ionization  chamber.  These  are 
counted  in  coincidence  with  the  corresponding  low  energy  back  scattered  projectile¬ 
like  particles  detected  in  a  Si  surface  barrier  detector  placed  inside  the  scattering 
chamber  at  91.5°  and  94.2°  respectively  for  48Ti  and  46Ti  reactions.  Impurity  con¬ 
centrations  of  neighbouring  isotopes  were  estimated  using  the  lowest  beam  energies. 


168 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


Transfer  measurements  for  the  Ti  +  Ni  systems 


63/18+ 


63/17+ 


62/18+ 


Figure  1.  Two  dimensional  spectrum  of  HIRA  focal  plane  position  vs.  time  of  flight. 


Figure  2.  Transfer  probability  as  function  of  reduced  distance  of  closest  approach. 


Pramana  -  J.  Pliys.,  Vol.  53,  No.  3,  September  1999 


169 


K  M  Varier  et  al 


Figure  3.  Experimental  fusion  excitation  functions  vis-a-vis  coupled  channels  calcula¬ 
tions. 

The  capability  of  the  kinematic  coincidence  technique  used  in  resolving  the  M/q  am¬ 
biguity  is  demonstrated  in  figure  1  which  shows  a  two  dimensional  plot  of  focal  plane 
position  vs.  the  flight  time  of  the  transfer  products.  The  various  M/q  peaks  are  reasonably 
well  separated  jn  this  plot. 

Transfer  probabilities  for  the  one  and  two  neutron  transfer  for  both  pick  up  and  stripping 
have  been  extracted  by  taking  the  ratio  of  the  cross  section  of  a  particular  transfer  channel 
to  the  sum  of  the  cross  sections  for  the  transfer  channels  and  the  elastic  channel.  These 
have  been  plotted  as  function  of  the  reduced  distance  of  closest  approach  of  the  heavy  ions 
in  figure  2. 

3.  Results 

The  slope  parameter  was  determined  to  be  0.34  and  0.93  respectively  for  the  IN  and  2N 
channels  of  48Ti  and  0.31  and  0.53  for  the  lighter  Ti  projectile  from  the  plots  in  figure  2. 
The  values  of  the  slopes  so  obtained  were  used  to  extract  the  relevant  transfer  form  factors 
and  used  in  a  coupled  channel  calculation.  The  results  are  shown  in  figure  3.  Reasonable 
agreement  was  obtained  with  the  experimental  fusion  excitation  functions  at  near  and  sub¬ 
barrier  energies. 
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Abstract.  The  ground  state  and  excited  state  transfer  yields  for  the  2-neutron  pickup  channel  in  the 

OO  # 

Si  +  Zn  system  have  been  measured  explicitly.  The  recoil  mass  separator  at  the  Nuclear  Science 
Centre,  New  Delhi  was  used  for  the  measurement.  A  Nal(Tl)  detector  was  used  for  detecting  the  de¬ 
excitation  7’s  from  the  transfer  products.  The  kinematic  coincidence  technique  was  employed  for  the 
transfer  measurement.  Simplified  coupled  channels  calculations  show  that  out  of  all  transfer  channels 
the  major  contribution  to  the  sub-barrier  enhancement  comes  from  the  ground  state  2  neutron  pickup 
channel  with  a  ground  state  Q-value  of  +  1.83  MeV. 

Keywords.  Heavy-ion  fusion;  sub-barrier  enhancement;  ground  state  transfer;  kinematic  coinci¬ 
dence;  simplified  coupled  channel  calculation. 

PACS  Nos  25.70.Hi;  25.70.Jj 


1.  Introduction 

Heavy-ion  fusion  cross-sections  at  below  barrier  energies  are  generally  enhanced  by  orders 
of  magnitude  in  comparison  to  the  predictions  of  the  one-dimensional  quantum  mechani¬ 
cal  barrier  penetration  calculations  [1].  The  influence  of  additional  quasi-elastic  reactions 
on  the  barrier  tunneling  probability  is  believed  to  be  responsible  for  the  observed  increase 
in  flux  going  into  the  fusion  channel  as  formulated  in  the  coupled  channels  calculations 
[2,3].  The  quasi-elastic  channels  considered  explicitly  are  mostly  limited  to  the  inelastic 
excitations  of  the  low  lying  levels.  Such  calculations  reproduce  the  fusion  cross-sections 
rather  well  in  many  cases  [3].  However,  the  variation  of  the  measured  fusion  cross-section 
within  a  given  projectile  target  combination  involving  different  isotopes  especially  at  en¬ 
ergies  near  the  barrier  is  not  easily  understood  by  including  inelastic  channels  alone  in 
the  coupled  channel  calculations.  Such  variations  may  arise  from  the  influence  of  transfer 
channels  which  have  distinctly  different  Q-values  and  probabilities  for  various  isotopes. 
A  correlated  observation  is  the  rather  dramatic  increase  of  transfer  cross-sections  (mainly 
neutron  transfer)  for  heavier  systems  at  energies  near  the  barrier  suggesting  a  correlation 
between  fusion  and  nucleon  transfer.  It  has  been  pointed  out  that  nucleon  transfer  with 
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positive  ground  state  Q-value,  Qgg,  favours  fusion  [4].  However  even  for  the  2 n  pickup 
with  large  positive  Qgg,  the  ground  state  is  very  weakly  populated  as  the  Q0pt  ~  0-  The 
main  strength  goes  to  states  at  higher  excitation  energies. 

These  observations  call  for  experiments  to  measure  the  one  and  two  nucleon  transfer 
cross  section  with  a  resolution  adequate  to  distinguish  at  least  the  ground  state  transfer 
events  from  the  rest  of  the  quasi-elastic  transfer  yield.  These  results  can  help  in  quantifying 
the  role  of  positive  Q-value  transfer  channels  in  the  sub-barrier  enhancement.  We  have 
attempted  to  measure  the  ground  state  and  excited  state  transfer  probabilities  explicitly  for 
the  2-neutron  pickup  reaction  68Zn(28Si  30Si)66Zn  to  study  its  influence  on  the  sub-barrier 
fusion  process.  The  above  reaction  has  a  positive  ground  state  (J-value  of  1.83  MeV  and 
contributes  significantly  to  the  sub-barrier  fusion  cross-section  enhancement  [5,6].  We 
have  combined  the  two  techniques  used  for  transfer  measurement,  that  is  identification  of 
recoils  using  a  recoil  mass  separator  and  the  study  of  de-excitation  7  rays  in  coincidence 
with  the  reaction  products  to  estimate  the  ground  state  and  quasi-elastic  transfer  yields. 


2.  Experiment 

The  experiment  was  performed  at  the  Nuclear  Science  Centre,  New  Delhi  using  the  28  Si 
beam  of  energy  78  MeV  from  the  15UD  Pelletron.  The  target  used  was  109  pg/cm 2  68 Zn 
with  15  pg/cni2  carbon  backing.  The  68Zn  target  was  99.3%  enriched  (0.25%  66Zn  and 
0.11%  67Zn).  The  target-like  reaction  products,  moving  in  the  forward  direction  were 
separated  out  from  the  beam-like  particles  by  the  Heavy  Ion  Reaction  Analyser  (HIRA) 
and  detected  at  the  focal  plane  by  a  detector  system  consisting  of  a  multi-wire  proportional 
counter  followed  by  an  ionisation  detector.  HIRA  was  kept  at  10  degree  with  respect  to  the 
beam  for  better  beam  rejection.  The  ‘kinematic  coincidence  technique’  was  employed  for 
the  transfer  measurement  which  involved  detection  of  the  kinematically  correlated  reaction 
products  in  coincidence.  To  detect  the  back  scattered  projectile- like  particles  a  8  x  47  mm2 
position  sensitive  detector  (PSD)  was  placed  at  roughly  145  degree  with  respect  to  beam 
in  the  scattering  chamber  of  HIRA  at  a  distance  of  80  mm  from  the  target.  The  angle  was 
optimised  for  maximum  coincidence  efficiency.  A  time-of-flight  (TOF)  arrangement  was 
set  up  using  the  start  signal  from  the  PSD  and  stop  from  the  focal  plane  timing.  This  was 
helpful  in  completely  eliminating  the  beam  background.  Two  monitors  were  kept  at  ±  25 
degrees  from  the  beam  direction  for  beam  monitoring.  A  3"  x  3"  Nal(Tl)  detector  was 
put  at  a  distance  of  30  mm  from  the  target.  A  4  mm  thick  lead  shielding  was  put  around 
the  detector  to  attenuate  the  X-rays  and  low  energy  7  rays.  The  timing  signal  from  the  7 
detector  was  used  to  set  up  the  coincidence  between  the  prompt  7  rays  and  the  recoils  at 
the  focal  plane. 


3.  Analysis 

A  typical  projection  of  TOF  vs  focal  plane  position  is  shown  in  figure  1(a).  The  three 
peaks  marked  correspond  to  the  elastic,  In-  and  2n-pickup  channels.  The  pickup  channels 
turn  out  to  be  mainly  neutron  channels  from  Q-value  considerations.  Elastically  scattered 
recoils  from  the  contaminants  in  the  target  (67Zn  and  66 Zn)  also  add  to  the  transfer  product 
yields  from  68 Zn.  An  estimate  of  the  contribution  from  these  isotopes  was  obtained  and 
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Figure  1.  (a)  Projected  mass  spectra  at  the  focal  plane  of  HIRA,  (b)  gated  with  the 
prompt  timing  between  the  recoils  and  the  7’s.  X  axis  is  the  position  in  both  cases. 

was  subtracted  from  the  transfer  yields.  Since  HIRA  detection  efficiency  is  same  for  all 
channels  and  the  solid  angle  factor  being  identical,  the  yields  in  the  channels  can  be  di¬ 
rectly  used  for  obtaining  the  transfer  probabilities.  The  transfer  probability  for  a  particular 
transfer  channel  has  been  calculated  as  the  ratio  of  the  yield  in  that  channel  to  the  sum 
of  the  yields  in  elastic  plus  transfer  channels.  These  correspond  to  the  total  quasi-elastic 
transfer  probabilities  for  the  In-  and  2 n-  pickup. 

The  resolution  of  the  Nal(Tl)  was  not  good  enough  to  resolve  the  individual  gamma’s. 
This  was  due  to  the  high  count  rate  which  was  essential  for  getting  sufficient  coincidence 
counts.  So  the  prompt  timing  between  the  de-excitation  gamma  rays  from  the  transfer 
products  and  the  recoils  was  used  to  gate  the  TOF  vs  position  plots.  Figure  1(b)  shows 
such  a  plot.  The  yields  in  the  pickup  channels  after  subtracting  the  background  correspond 
to  transfer  to  excited  states.  Corrections  have  been  made  for  the  excitation  of  the  target 
impurities.  After  correcting  for  efficiency  the  transfer  probability  to  the  excited  states  was 
extracted  as  before  .The  ground  state  probability  is  given  by  the  difference  of  the  total  and 
the  quasi-elastic  transfer  probabilities.  Table  1  gives  the  transfer  probabilities  for  the  In 
and  2 n  channels. 

When  the  ground  state  and  excited  states  can  be  treated  separately  [7],  the  total  transfer 
probability  will  be  the  sum  of  ground  state  strength  and  strength  to  the  excited  states. 
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Table  1.  Measured  transfer  probability  for  the  In  and  2 n  pickup  channel  at  78  MeV. 


(Ftr)tot 

(Ftr)ex. 

(•Ptr)gs 

+  In 

0.0580  ±  0.0006 

- 

- 

+  2  n 

0.0450  ±  0.0006 

0.041  ±  0.002 

0.004  ±  0.002 

Figure  2.  Simplified  coupled  channel  calculations  for  the  system  28Si  -f  68Zn. 


Since  the  probabilities  to  both  ground  state  and  excited  states  are  known  experimentally 
for  the  2 n  pickup  channel,  the  form  factors  Fo  and  F  [7]  for  the  ground  state  and  excited 
states  respectively  were  calculated.  For  the  In  channel  an  average  form  factor  was  calcu¬ 
lated.  Coupled  channels  calculations  were  performed  using  a  modified  version  of  the  code 
CCMOD  [8].  The  experimental  fusion  cross  sections  were  taken  from  ref.  [8].  A  plot  of 
the  cross  section  vs  energy  is  shown  in  figure  2.  Inclusion  of  excitation  of  low  lying  2+, 
3”  states  of  28Si  and  68Zn  gives  substantial  enhancement  but  not  enough  to  reproduce  the 
data  (figure  2).  The  negative  Q-value  transfer  channels  do  not  have  any  significant  effect 
on  the  fusion  result.  The  inclusion  of  2 n  pickup  to  excited  states  of  30Si  and  66Zn  with 
an  effective  (J-value  which  is  negative,  does  not  improve  the  fit.  Large  asymptotic  barrier 
shift  of  2.52  MeV  is  obtained  on  coupling  the  ground  state  2 n  transfer.  This  reproduces 
the  below  barrier  data  quite  well  (thick  solid  line  in  figure  2). 

In  summary,  we  have  measured  the  ground  state  and  quasi-elastic  transfer  strength  for 
the  reaction  G8Zn(28Si  30Si)  66Zn.  Simplified  coupled  channels  calculations  show  that  the 
major  contribution  to  the  sub-barrier  enhancement  apart  from  the  inelastic  couplings  comes 
from  the  ground  state  2  neutron  transfer  which  has  a  positive  Q-value,  even  though  it  is 
weakly  populated.  The  results  also  point  to  the  need  for  experiments  to  measure  transfer 
yields  to  individual  states,  which  will  lead  to  a  better  understanding  of  sub-barrier  fusion 
dynamics. 
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Abstract.  The  inclusive  and  exclusive  measurements  were  carried  out  for  7 Li  projectile  breakup  on 
27  A1  target  at  48  MeV.  In  the  inclusive  data  we  have  observed  a  broad  peak  around  the  beam  velocity 
for  alphas  and  tritons.  The  exclusive  data  for  alpha-triton  coincidences  show  good  agreement  with 
the  post-form  DWBA  theory  of  breakup  reactions. 

Keywords.  Direct  reactions;  projectile  breakup;  post-form  DWBA. 

PACS  Nos  25.10+s;  24.50+g;  25.70+z 


1.  Introduction 

There  has  been  considerable  interest  in  the  study  of  the  emission  of  charged  particles  in 
a  reaction  between  two  complex  nuclei.  It  is  characterized  by  large  cross-sections  and 
unusual  shapes  of  the  energy  spectra.  In  addition  to  the  compound  nucleus  formation 
and  emission  of  charged  particles  from  the  equilibrated  system,  the  direct  breakup  of  the 
projectile  in  the  field  of  the  target  nucleus  is  found  to  be  a  dominant  reaction  channel 
[1-3].  A  broad  peak  centered  around  the  beam  velocity  is  characteristic  of  the  projectile 
breakup.  The  inclusive  spectra  are  basically  interpreted  to  originate  from  fragments  in  a 
spectator  role,  reflecting  the  momentum  distribution  of  the  clusters  in  the  projectile  before 
collision.  Various  simple  models  describe  the  shapes  of  the  breakup  spectra  fairly  well  [4]. 
However  these  models  account  for  only  the  elastic  breakup  mode  and  neglect  the  inelastic 
mode.  Experimentally  it  is  found  that  the  inelastic  channel  contributes  predominantly  to 
the  inclusive  cross-section.  A  realistic  approach  is  the  DWBA  breakup  theory  developed 
by  Baur  and  coworkers.  The  theory  is  based  on  a  one-step  breakup  mechanism  and  enables 
calculations  of  contributions  from  both  the  elastic  and  inelastic  breakup  modes  [5]. 

A  kinematically  complete  study  of  the  7 Li  breakup  is  of  considerable  importance  as  it 
may  lead  to  a  better  understanding  of  the  breakup  of  the  neutron  rich  11  Li  isotope  and 
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other  isotopes  which  have  a  ‘halo’  structure  [6].  Our  motivation  in  this  study  is  mainly  to 
investigate  the  nuclear  and  Coulomb  part  of  the  breakup  cross  section. 


2.  Experimental  details 

A  beam  of  48  MeV  7Li  obtained  from  the  Nuclear  Science  Centre,  New  Delhi  was  used 
in  the  experiment.  A  self  supporting  27  Al  foil  of  thickness  190  /ig/cm2  was  used  as  target. 
The  particle  identification  was  achieved  by  using  A E  —  E  detector  telescope.  The  exper¬ 
iment  was  carried  out  in  the  1.5  m  diameter  general  purpose  scattering  chamber  (GPSC). 
Two  telescopes  were  kept  on  each  arm  of  the  GPSC  and  one  telescope  was  moved  to  differ¬ 
ent  angles  with  the  other  fixed  at  10°.  The  solid  angle  subtended  by  the  solid  state  detector 
was  0.3  msr.  The  beam  current  on  the  target  was  around  10  pnA.  A  monitor  detector  was 
kept  at  10°  to  view  the  beam.  The  data  were  also  acquired  using  both  solid  state  detectors 
(SSD)  and  a  combination  of  a  gas  ionization  chamber  and  a  position  sensitive  strip  detec¬ 
tor  (PSSD).  The  SSDs  used  were  100  //m  Si  for  A E  detector  and  5  mm  Si(Li)  for  the  E 
detector.  The  1  mm  thick  silicon  PSSD  with  an  active  area  of  50  mm  x  50  mm  was  used  as 
E  detector.  An  ionization  chamber  with  an  active  length  of  10  cm,  and  operated  at  a  field 
of  1  V/Torr/cm,  was  used  as  a  A E  detector  for  alpha  particles.  The  coincidences  between 
alpha  particles  and  tritons  were  also  recorded. 


E^tMeVj 


Figure  1.  Experimental  alpha  energy  (shown  as  histogram)  spectrum  obtained  at  10° 
in  the  reaction  7Li  on  27A1  at  48  MeV. 
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3.  Inclusive  measurements  and  results 

The  differential  energy  spectra  of  the  outgoing  alphas  and  tritons  were  measured  over  a 
range  of  8°  to  38°  in  steps  of  2°.  A  typical  alpha  spectrum  at  10°  is  shown  in  figure  1.  The 
broad  bump  corresponding  to  the  beam  velocity  can  be  seen  at  the  alpha  energy  of  27.4 
MeV. 

The  breakup  contribution  was  calculated  in  the  framework  of  post-form  DWBA  theory. 
The  inclusive  breakup  cross  section  for  the  reaction  a  +  A  ->  6  +  x  +  B,  with  c  =  B  +  x, 
can  be  expressed  as 

dfincl  =  fE  Y,\T™BA\2^E  -Eb-  EBc) dV  (1) 

C 

where  va  denotes  the  projectile  velocity  [5].  In  this  calculation  for  the  breakup  of  7Li, 
a  value  of  —100  MeV.fm3/2  has  been  used  for  D0.  The  prediction  of  the  direct  breakup 
theory  is  shown  in  figure  1  as  dashed  line.  In  order  to  take  into  account  the  high  energy  tail, 
the  pre-equilibrium  contribution  has  been  estimated  in  the  frame  work  of  the  coalescence 
model  using  a  coalescence  radius  of  248  MeV/fm  for  alpha  particles  [7];  this  is  shown 
as  dotted  line.  The  low  energy  part  of  the  spectrum  is  accounted  for  by  the  equilibrium 
emission  of  the  particles.  The  energy  distribution  of  those  particles  is  calculated  using 
the  PACE  code  and  the  result  is  shown  as  dash-dotted  curve.  The  sum  of  all  these  three 
contributions  shown  as  solid  line  gives  a  reasonable  fit  to  the  experimental  spectrum. 


4.  Exclusive  measurements  and  results 


For  coincidence  measurements  one  telescope  was  fixed  at  10°  and  the  other  moved  to 
different  angles.  The  Ea  -f  Et  spectrum  showed  a  quasi-elastic  peak  around  45  MeV.  This 
peak  is  used  as  a  gate  for  extracting  the  exclusive  spectra.  It  was  noticed  that  there  were 
no  prominent  peaks  arising  from  the  resonant  breakup  of  7  Li  especially  via  the  4.63  MeV 
state.  The  energy  integrated  triple  differential  cross  sections  for  alpha  particles  extracted 
at  each  angle  are  shown  in  figure  2. 

These  cross  sections  were  compared  with  the  direct  fragmentation  model  (DFM)  of 
breakup  reactions  formulated  within  the  post-form  DWBA  [5].  In  this  model  the  incoming 
projectile  is  assumed  to  breakup  instantaneously  in  the  Coulomb  and  nuclear  fields  of  the 
target  nucleus.  The  triple  differential  cross  section  is  given  by 


d3cr 

dLlbdLixdEf) 


P\ 


tdwba 
1  fi 


2 

) 


(2) 


where  p  is  the  three-body  density  of  states  [5].  The  optical  potentials  needed  for  the  calcu¬ 
lations  are  taken  from  the  literature.  The  value  of  Do  used  in  the  evaluation  of  the  matrix 
element  is  given  in  §3.  In  figure  2,  the  dashed  (dotted)  line  represents  the  results  of  the 
calculation  preformed  with  pure  nuclear  (pure  Coulomb)  interactions  while  the  solid  line 
is  the  full  DWBA  calculation.  The  theory  is  able  to  quantitatively  describe  the  features 
of  the  data  in  the  region  where  the  angular  seperation  between  the  fragments  is  large.  A 
similar  agreement  has  been  found  for  the  case  of  energy  integrated  triton  cross-sections. 
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Figure  2.  Energy  integrated  triple  differential  cross  sections  for  alpha  particles  in  the 
7Li  breakup  on  27 Al  at  48  MeV.  The  triton  detector  was  fixed  at  10°. 
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Abstract.  A  new  asymmetric  parabolic  effective  fusion  barrier  model  for  heavy  ion  fusion  is  de¬ 
veloped. 

Keywords.  Asymmetric  parabolic  barrier;  heavy  ion  fusion. 
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1.  Introduction 

One  expects  that  coupling  effects  in  the  mechanism  of  heavy  ion  (HI)  fusion  may  dramat¬ 
ically  change  the  shape  of  the  barrier  particularly  in  the  region  r  interior  to  the  Coulomb 
barrier  position  Rb  such  that  there  is  a  sharp  fall  of  the  potential  in  the  interior  region 
which  results  in  an  asymmetric  barrier.  Based  on  the  exact  transmission  coefficient  across 
an  asymmetric  parabolic  barrier  derived  by  Zafar  Ahmed  [1]  and  the  ideas  used  earlier  in 
our  effective  fusion  barrier  transmission  model  [2]  we  develop  a  new  asymmetric  parabolic 
effective  fusion  barrier  model  for  heavy  ion  fusion.  The  expected  change  of  shape  of  the 
barrier  is  represented  by  a  variable  curvature  parameter  ic2  whereas  the  outer  curvature  cji 
is  kept  unchanged. 


2.  Formulation 

We  explicitly  use  an  asymmetric  parabolic  type  barrier  given  by  the  potential 

9(—x).  (1) 

9(x)  is  a  step  function  such  that  9(x)  =  1,  x  >  0  and  9(x)  =  0,  x  <  0.  VJ  and  cjj,  i  =  1,2 
indicate  the  height  and  the  curvature  factors,  respectively,  and  /i  stands  for  the  reduced 
mass.  The  potential  barrier  can  be  used  to  simulate  the  Coulomb  barrier  for  any  partial 
wave  in  the  neighborhood  of  Rb  which  is  taken  to  be  at  the  origin  in  this  particular  expres¬ 
sion  (1).  In  a  fusion  calculation  we  set  V\  —  V2  =  Vb> 


V(x)=  (  Vi  - 


e(x)  +  ( v2  - 1 
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By  defining  a  *  =  (Vb  — Ecm) =  1,  2  and  an  asymmetric  parameter  r\  — 
the  transmission  coefficient  [1]  at  center  of  mass  energy  Ecm  is  given  as 


T(Ecm)  = 


\y/l  +  e2™*  y/l  +  e2™2  rj  ±  +  \  [e7rai  e™2  +  1] 


(2) 


where  fx  -  f(oti)  and  f2  =  f(a  2).  The  function  f{a)  =  |T  +  if)  /T  (|  +  if)  |,  can 

be  approximated  by  /approx(a)  =  l/yfy{l  +  I/87),  where  7  =  i/(l/16)  +  (a2/4)- 
In  order  to  consider  the  Coulomb  barriers  generated  by  different  partial  waves  l,  we  need 
to  replace  the  height  Vb  of  the  effective  barrier  by 


7  =  Vb  + 


h2  i(i  +  1) 
Fl  R& 


The  quantities  Vb,  Rb  and  the  outer  region  (r  >  Rb)  curvature  factor  uji  can  be  ob¬ 
tained  using  the  following  global  formulae: 

ife  =  r0  (A1/3  +  A?/3)  +  2.72  fm,  VB  =  (l  -  £) 

and 


(hui)2 


Z1Z2e2h2  / 1  _  _2_\ 
B>Rb  \ a  Rb  J  ’ 


where  a  =  0.63  fm  and  ro  =  1.07  fm,  Aj ,  Zj ,  j  —  1,  2  denote  the  mass  number  and  proton 
number  of  the  two  colliding  nuclei,  respectively.  We  control  the  inner  region  (r  <  72b) 
curvature  factor  u2  by  varying  the  parameter  77  = 

Using  the  above  specifications  we  adopt  the  expression  (2)  to  calculate  transmission 
coefficient  Ti(Ecm)  for  different  Vs  as  a  function  of  incident  energy.  This  is  then  used  to 
obtain  the  results  for  alF,  op,  (/)  and  D(Ecm)  given  by  the  formulae: 


00 

aF  =  -j^( 21  +  l)Th  °F  = 


1=0 


<0  = 


ap 


and  D(Ecm) 


d  2(Eap) 
d  E2 


where  k 


^/(2^t/fi2)£;cm. 


3.  Results  and  discussion 

In  figure  1(a)  and  (b)  (upper  panel)  we  show  by  solid  curve  the  variation  of  aF  and  (l), 
respectively,  with  energy  for  40Ca  +  46>48-50Ti  systems.  Eiab  indicates  energy  in  the  labo¬ 
ratory  frame.  From  these  figures  it  is  clear  that  fit  to  the  experimental  data  is  good.  Values 
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Ecm  ( MeV ) 


Figure  1.  Upper  panel  shows  the  variation  of  (a)  ctf  and  (b)  ( l )  with  energy  for 
40Ca  +  46’48’50Ti  systems.  Lower  panel  shows  the  variation  of  D(EC m)  with  Ecm. 
Solid  curves  represent  the  results  of  present  calculation.  The  experimental  data  are 
taken  from  ref.  [4]. 

of  Vb  ,  Rb  ,  foj  1  and  r]  used  in  the  calculation  for  these  systems  are  listed  in  table  1 .  In  the 
lower  panel  of  figure  1,  we  show  the  results  for  D(Ecm)  obtained  by  using  point-difference 
formula  used  in  ref.  [3]  for  the  40Ca  4-  46>48i50Ti  systems.  The  fit  to  the  experimental  data 
in  these  cases  is  impressive.  If  one  examines  D,  the  D  variation  curve  becomes  broader 
and  shorter  in  height  for  larger  r]  as  in  the  case  of  40Ca  4-  50Ti  system  (see  table  1)  where 
more  channels  are  involved. 
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Table  1.  Systems  and  s-wave  barrier  radius  Rb,  its  height  Vb, 
curvature  factor  huj\  and  the  asymmetry  parameter  77. 


System 

Rb 

(fin) 

UB 

(MeV) 

huii 

(MeV) 

1 

40Ca  +  46Ti 

10.32 

57.65 

4.02 

1.4 

40Ca  +  48Ti 

10.37 

57.36 

3.96 

1.5 

40  Ca  +  50  Ti 

10.39 

57.76 

3.91 

1.8 
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Abstract.  In  this  paper, we  report  our  measurements  of  back-angle  oxygen  and  carbon  particle 
yields  from  160  4-  89Y,  12C  4-  93Nb  reactions  forming  the  same  compound  nucleus  105Ag  at  the 
same  excitation  energy  and  spin  distribution.  We  find  anomalously  large  oxygen  yield  and  entrance 
channel  dependence  at  high  excitation  energies  from  O  4-  Y  reaction  implying  formation  of  a 
dinuclear  orbiting  complex.  Possible  connection  between  nuclear  orbiting  and  fast  fission  is  also 
discussed. 

Keywords.  Entrance  channel  dependence;  orbiting. 
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1.  Introduction 

The  concept  of  nuclear  orbiting,  although  an  old  idea,  is  continuously  being  used  under 
different  names  such  as  fast  fission,  dynamical  fission,  orbiting  etc.  to  give  qualitative 
explanations  of  different  observed  anomalies  in  nuclear  reactions  over  a  wide  energy  re¬ 
gion  and  projectile-target  combinations.  Any  dynamical  picture  of  nuclear  fusion  must 
consider  the  evolution  of  an  orbiting  dinuclear  complex  into  an  equilibrated  compound 
nucleus.  In  some  situations,  the  dinuclear  complex  may  only  reach  thermal  equilibra¬ 
tion,  but  never  achieve  shape  equilibration.  Such  a  dinuclear  orbiting  complex  will  have 
a  large  probability  to  break  into  entrance  channel  and  should  show  strong  entrance  chan¬ 
nel  dependence  over  a  large  excitation  energy  region.  Earlier  works  on  back-angle  study 
of  target-like  fragments  [1-3]  near  A  —  40  compound  nucleus  showed  that  28 Si  4-  12C, 
24Mg  +  160  etc.  have  strong  entrance  channel  dependence  and  entrance  channel  yields. 
Studies  of  fusion-fission  cross-sections  from  compound  nuclei  near  A  =  100  mass  region 
also  showed  anomalies  which  could  be  interpreted  as  fast  fission.  Nagame  et  al  [4]  studied 
37C1  4-  68Zn  and  160  4-  89  Y  reactions  using  37C1  beam  at  160  MeV  and  177  MeV  and  160 
beam  at  140  MeV.  They  found  that  the  observed  mass,  angular  and  total  kinetic  energy  dis¬ 
tributions  of  the  fully  energy  damped  symmetric  mass  division  products  are  consistent  with 
statistical  liquid  drop  model.  However  the  observed  broad  widths  of  mass  and  total  kinetic 
energy  cannot  be  accounted  for  within  liquid  drop  model.  The  observation  of  broadening 
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of  the  mass  distributions  with  partial  wave  £  was  interpreted  as  a  signature  of  fast  fission 
process  which  comes  into  play  when  the  fission  barriers  vanish.  However  it  was  never 
clearly  established  whether  the  observation  of  broadening  of  mass  and  total  kinetic  energy 
distributions  really  imply  a  fast  fission  process  where  complete  fusion  does  not  take  place. 
The  objective  of  the  present  work  is  to  look  for  orbiting  effect  in  A  —  100  mass  region 
and  establish  a  direct  relationship  between  nuclear  orbiting  seen  near  ^4  =  40  mass  region 
and  so  called  fast  fission  or  dynamical  fission  effects  reported  near  A  —  100  mass  region. 
An  understanding  of  such  relationship  should  give  us  new  insight  about  the  fundamental 
physics  behind  nuclear  orbiting. 


2.  Experimental  method  and  results 

We  form  the  same  compound  nucleus  105  Ag  at  the  same  excitation  energy  (Ex  =  76 
MeV)  and  with  very  similar  spin  distributions  using  two  different  reaction  channels  ieO 
+  89Y  reaction  at  i£(160)  =  95.9  MeV  and  12C  +  93Nb  reaction  at  E(12C)  =  85.6 
MeV.  The  experiments  were  performed  at  BARC-TIFR  Pelletron  machine  in  Mumbai  and 
Nuclear  Science  Center  Pelletron  machine  in  New  Delhi.  A  10  pna 16 O  beam  from  BARC- 
TIFR  Pelletron  machine  was  used  to  bombard  a  1  mg/cm2  thick  89  Y  foil.  Four  A E  —  E 
telescopes  were  placed  between  140°  to  170°  to  detect  different  fragments  from  alpha  to 
oxygen.  Similarly  a  10  pna  12C  beam  having  85.6  MeV  energy  was  used  to  bombard 
a  1  mg/cm2  thick  93 Nb  foil  and  A E  —  E  telescopes  were  placed  at  back-angles  to  detect 
different  fragments.  In  this  report,  we  shall  discuss  about  oxygen  and  carbon  particles  emit¬ 
ted  at  back-angles.  The  data  analysis  for  other  fragments  is  still  going  on.  The  back-angle 
yields  of  oxygen  and  carbon  particles  were  found  to  follow  a  l/sin(0)  angular  distribution 
in  the  centre  of  mass  frame.  The  entrance  channel  dependence  was  studied  from  the  ra¬ 
tio  of  back-angle  oxygen  to  carbon  yields  as  a  function  of  exit  channel  energies  for  both 
160  +  89  Y  and  12C  +  93Nb  reactions  and  a  strong  entrance  channel  dependence  was  seen 
in  the  strongly  damped  region.  In  figure  1,  we  plot  the  ratio  of  oxygen  to  carbon  yields 
integrated  over  few  MeV  bins  as  a  function  of  excitation  energy  for  both  160  -P  89  Y  and 
i2 c  _j_  93 Nb  reactions.  We  find  that  the  two  data  sets  overlap  at  low  excitation  energies, 
but  differ  greatly  at  high  excitation  energy.  This  result  is  very  similar  to  what  was  found 
earlier  for  28 Si  +  12 C  and  24 Mg  +  16  O  reactions.  A  comparison  with  28  Si  +  12 C  and 
24 Mg  +  16  O  reactions  reveals  that  for  the  lighter  systems  the  entrance  channel  dependence 
is  dominant  in  the  lower  excitation  energy  region  whereas  for  heavier  system  the  entrance 
channel  dependence  is  dominant  in  higher  excitation  energy  region.  We  also  find  from 
figure  1  that  the  ratios  of  oxygen  to  carbon  yields  in  different  excitation  energy  bins  for 
12C  +  93 Nb  system  agree  very  well  with  compound  nucleus  CASCADE  code  predictions. 
Absolute  yields  of  oxygen  and  carbon  for  12C  +  93 Nb  reaction  also  agree  reasonably  well 
with  statistical  model  predictions.  So  we  find  that  only  the  oxygen  and  carbon  yields  from 
16  O  +  89  Y  reaction  are  anomalous  and  point  to  the  formation  of  a  long-lived  dinuclear 
orbiting  complex  which  is  responsible  for  such  large  oxygen  yield  and  entrance  channel 
dependence. 

3.  Discussion 

This  work  establishes  very  clearly  the  similarity  between  nuclear  orbiting  seen  in  certain 
lighter  systems  (A  =  40  mass  region)  and  fast  fission  seen  near  A  =  100  mass  region. 
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Figure  1.  Ratio  of  oxygen  to  carbon  yields  versus  excitation  energy. 


We  also  find  that  12  C  +  93  Nb  system  does  not  show  any  anomalous  behaviour,  but 
160  +  89  Y  system  shows  orbiting  type  characteristics.  So  clearly  all  systems  near  A  =  100 
mass  region  do  not  show  orbiting  or  fast  fission  type  behaviour.  It  is  very  interesting  to  try 
to  understand  the  fundamental  reasons  behind  such  dinuclear  orbiting  type  behaviour  and 
why  this  effect  is  seen  selectively  in  certain  systems  only.  Beck  et  al  [5]  proposed  an  ex¬ 
planation  in  terms  of  the  number  of  open  channels.  Although  Beck’s  explanations  in  terms 
of  number  of  open  channels  seem  to  be  adequate  for  systems  around  A  —  40  mass  region, 
it  clearly  cannot  explain  our  observation  of  orbiting  effect  in  16 O  +  89  Y  system  and  the 
absence  of  such  effect  for  12 C  +  93 Nb  system.  The  numbers  of  open  channels  for  both 
the  systems  are  very  large  and  much  greater  than  those  for  A  —  40  systems.  So  following 
Beck’s  arguments,  the  orbiting  effect  should  not  take  place  in  such  heavy  mass  regions. 
The  number  of  open  channels  argument  also  cannot  explain  our  earlier  observations  [6] 
regarding  the  lack  of  any  orbiting  effect  for  4He  +  27  Al  and  4He  +  40Ca  reactions. 

We  have  not  yet  fully  understood  these  effects  and  are  now  looking  for  an  explanation 
in  terms  of  nuclear  structure  physics. 
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Abstract.  Measurement  of  elastic  and  quasielastic  reaction  cross  sections  were  done  in  160  + 
118Sn  system  at  two  different  energies  above  the  barrier.  Attempts  are  being  made  to  understand  the 
results  in  the  framework  of  coupled  reaction  channel  model. 

Keywords.  Quasielastic  reactions;  coupled  channel;  multinucleon  transfer. 
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1.  Introduction 

Important  role  played  by  couplings  between  the  different  direct  reactions  and  fusion  chan¬ 
nels  have  been  of  immense  interest  both  from  theoretical  and  experimental  view  points  in 
recent  years  [1-5].  This  is  one  of  the  areas  where  the  scenario  from  the  semiclassical  and 
quantum  theories  are  well  understood,  but  experimental  data  in  different  systems  are  still 
lacking  to  test  all  the  aspects  of  such  theories.  Some  of  the  systems  studied  to  probe  the 
role  of  higher  order  couplings,  multiphonon  couplings,  N /Z  ratios,  break-up  channels,  etc. 
have  been  presented  in  this  workshop. 

In  order  to  investigate  the  interplay  between  the  various  reaction  channels  in  heavy  ion 
collision  above  the  Coulomb  barrier  and  the  nature  of  the  multinucleon  transfer  channels, 
we  have  carried  out  experiments  in  16  O  -I-  118Sn  system  at  two  different  energies  above 
the  Coulomb  barrier.  This  system  is  particularly  interesting  because  it  was  shown  [6]  that 
the  enhancement  of  sub-barrier  fusion  (SBF)  cross  sections  are  small  in  this  system,  which 
have  been  attributed  to  smaller  quasielastic  transfer  strengths  and  negative  Q-values  of  the 
transfer  channels.  However,  a  comparison  of  the  experimental  fusion  cross  section  data 
with  the  coupled  reaction  channel  (CRC)  calculation  shows  that  (see  figure  1)  the  smaller 
enhancement  in  SBF  cross  section  can  be  well  accounted  for  by  inclusion  of  inelastic 
excitation  channels  alone  in  this  system.  The  role  played  by  the  transfer  channels  are, 
therefore,  not  important.  Our  aim  in  this  experiment  is  to  investigate  the  role  played  by  the 
transfer  channels  on  the  other  direct  reaction  channels. 
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Figure  1.  Comparison  of  experimental  fusion  cross  section  data  with  CRC  and  ID 
BPM  calculations  in  ieO  +  118Sn  system.  The  CRC  calculation  takes  into  account 
only  the  2+  and  3“  inelastic  couplings. 


2.  Experiment 

The  experiments  were  done  at  the  General  Purpose  Scattering  Chamber  Facility  using  16  O 
beam  at  70  MeV  and  90  MeV  energies  from  the  16UD  Pelletron  of  the  Nuclear  Science 
Centre.  118Sn  targets  (98%  enrichment)  were  used.  Angular  distribution  of  the  projectile¬ 
like  reaction  products  were  measured  with  one  SSB  detector  time-of-flight  (TOF)  tele¬ 
scope.  Excellent  mass  resolution  (~  2%)  was  achieved  by  cooling  and  overbiasing  the 
SSB  detectors  to  improve  time  resolution  (better  than  170  ps  FWHM)  of  the  TOF  system. 
This  was  necessary  to  separate  the  one-neutron  transfer  channel  in  presence  of  high  elastic 
yield.  Two  other  SSB  detectors  were  used  to  study  the  elastically  and  inelastically  scattered 
particles. 

The  angular  distributions  were  obtained  from  the  experimental  data  for  the  different 
reaction  channels.  The  elastic  scattering  data  at  two  energies  are  shown  in  the  figure  2(a). 
Optical  model  parameters  were  extracted  from  the  elastic  data.  A  short  range  volume 
imaginary  potential  was  introduced  a  priori  to  account  for  the  experimental  fusion  cross 
section  data  [6].  The  results  at  two  energies  were  found  to  agree  reasonably  well.  A  surface 
term  in  the  imaginary  potential  was  found  to  be  necessary  in  this  case  to  fit  the  data. 

Quantum  mechanical  coupled  channel  calculations  using  the  code  FRESCO  [2]  includ¬ 
ing  the  inelastic  and  transfer  couplings  were  done.  Detailed  observation  based  on  these 
calculations  will  be  described  elsewhere  [7].  The  results  for  the  2+  state  in  118Sn  are 
shown  in  figure  2(b).  Some  of  the  results  for  the  neutron  transfer  channels  are  shown 
in  figure  3.  It  is  observed  that  the  elastic,  inelastic  and  one-neutron  transfer  (+1  n)  data 
agree  reasonably  well  with  the  FRESCO  predictions.  The  data  show  reasonable  agreement 
with  the  DWBA  calculation  as  well,  though  the  agreement  is  relatively  better  with  coupled 
channel  calculations. 
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Figure  2.  Angular  distributions  for  elastic  scattering  and  excitation  of  2+  state  in  1 18Sn. 
Results  of  fit  to  the  elastic  data  and  CRC  calculation  are  shown  in  (a).  Reasonable 
agreement  between  the  data  and  the  CRC  results  can  be  seen  in  both  (a)  and  (b). 


However,  one-proton  transfer  (-Ip)  data  do  not  agree  well,  particularly  at  forward  angles 
at  90  MeV,  but  the  measured  angular  distribution  at  70  MeV  agree  reasonably  well  with  the 
theoretical  prediction  (see  figure  4).  Furthermore,  the  nature  of  the  multinucleon  transfer 
(indicated  by  -f  2n,  -2 p,  -2pln,  etc.)  angular  distributions  show  enhancement  at  forward 
angles,  deviating  from  the  typical  bell-shaped  nature. 

Similar  feature  was  also  observed  in  the  heavier  systems  studied  by  Corradi  et  al  [5]  in 
40,48Ca  -F  124Sn  systems,  which  was  found  to  be  consistent  with  the  post-transfer  neutron 
evaporation  scenario.  On  the  other  hand,  the  deviation  observed  for  the  -1  p  channel  in 
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Figure  3.  Angular  distribution  plots  for  the  neutron  transfer  channels. 


Figure  4.  Angular  distribution  plots  for  the  proton  transfer  channels. 
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160  +  118Sn  system  at  90  MeV  is  of  a  different  nature,  and  possibly  indicates  a  large 
contribution  from  low  impact  parameter  region.  This  apparently  indicates  the  onset  of 
deep  inelastic  processes.  The  forward  angle  enhancement  of  the  multinucleon  transfer 
channels  also  follow  the  same  nature,  and  is  also  correlated  with  significant  energy  loss 
as  observed  for  the  projectile-like  particles.  Further  details  of  these  observations  will  be 
published  elsewhere  [7]. 

In  summary,  the  role  of  channel  couplings  on  the  nucleon  transfer  channels  were  studied 
in  160  +  118Sn  system.  The  role  of  couplings  was  found  to  be  of  lesser  importance  in  this 
system,  which  is  consistent  with  the  observation  made  by  Henning  et  al  [6].  However,  the 
angular  distributions  for  the  nucleon  transfer  channels  indicate  forward  angle  enhancement 
over  the  predictions  based  on  direct  reaction  model,  which  indicates  overlap  of  the  direct 
and  the  deep  inelastic  reaction  channels  for  the  low  impact  parameter  trajectories.  Deep 
inelastic  model  based  calculation  is  necessary  to  explain  the  apparent  discrepancy  in  the 
forward  angle  data. 
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Abstract,  a  angular  correlations  were  calculated  using  the  coupled  channels  formalism  for  16,180 
break-up  reactions.  Prominent  Z  dependency  was  observed  in  both  the  cases.  16 O  break-up  shows 
distinctively  different  behavior  with  different  target  materials. 
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1.  Introduction 

In  a  heavy-ion  induced  reaction  the  measurement  of  deexcited  gamma-ray  or  particles 
in  coincidence  with  the  correlated  particles  is  one  of  the  powerful  and  elegant  tools  to 
investigate  the  nuclear  dynamics  and  structure.  It  directly  probes  the  different  magnetic 
sub-state  distribution  and  their  probability  of  population  since  the  different  magnetic  sub¬ 
state  probability  directly  depends  on  the  magnitude  and  phase  of  the  transition  amplitude. 
In  general,  for  nuclear  reactions  induced  by  light-ions  the  excitations  of  different  magnetic 
sub-states  due  to  the  long  range  forces  are  reasonably  weak.  Hence  one  can  neglect  the 
effects  of  the  Coulomb  contribution  in  their  calculations.  But  in  the  heavy-ion  induced 
reactions,  low  excitation  energy  allows  large  contributions  from  the  Coulomb  excitation 
and  hence  interference  between  the  Coulomb  and  the  nuclear  interactions  play  a  prominent 
role  in  the  particle-gamma  or  particle-particle  correlation. 

This  correlation  is  in  general  analysed  in  the  framework  of  the  DWBA  which  only  in¬ 
cludes  the  first  order  effects.  Strong  absorption  model  (SAM)  is  also  used  to  extract  the 
information  from  the  correlation  experiments  [1].  This  model  has  its  own  limitations  due 
to  several  parametrizations.  Therefore  more  sophisticated  calculations  are  needed  to  ex¬ 
tract  the  information  accurately.  The  coupled  channels  calculations  can  be  used  to  extract 
the  information  more  accurately  and  it  is  possible  to  predict  the  significant  region  of  the 
phase  space  where  such  type  of  reactions  can  be  studied. 

In  the  present  paper  we  are  reporting  the  theoretical  calculations  of  the  alpha  decay  of 
the  states  in  180  through  sequential  break-up  reaction  12C(180, 180*  -A  14Ca)  at  82  MeV 
using  coupled  channels  form  factor.  We  predicted  the  possible  nature  of  double  differen¬ 
tial  cross  section  for  a  decay  of  states  of  160  in  the  sequential  breakup  reaction  12C(160, 
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160*  — >12Ca)  at  different  phase  space.  The  calculations  were  also  performed  with  dif¬ 
ferent  targets  to  investigate  the  effect  of  the  Coulomb  and  nuclear  contributions  to  the 
correlation. 


2.  Analysis  and  discussion 


We  have  applied  the  coupled  channels  analysis  to  data  described  in  ref.  [1].  The  coupled 
channels  code  FRESCO  [2]  was  modified  to  calculate  the  angular  correlations. 

Consider  a  reaction, 


A  +  a^b*+B->c  +  C  +  B. 

The  angular  correlation  in  the  final  system  in  terms  of  the  m-state  population  4>*) 

of  the  intermediate  state  b*  is  given  by  [3] 


d2<r(g*,0*,x,^) 

dn*df^ 


2J+  1 

47T 


M 


im'dJM0{x) 
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Here  ?/>,  x  for  the  decay  particle  C  are  measured  with  respect  to  the  quantization  axis  used 
to  calculate  the  form  factor  /jm(0* ,<!>*)•  dJM0  are  the  rotational  matrix  elements.  The 
Ijm  were  calculated  from  the  coupled  channels  formalism  (see  figure  1  of  ref.  [1]  for 
the  definition  of  angles).  The  form  factor  was  fjM  calculated  from  the  strong  absorption 
model.  The  reduced  electromagnetic  excitation  probabilities  B(E A)  for  continuum  state 
was  estimated  from  the  relations  given  below  [for  2+  (8.56  MeV)  state  of  160] 
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where  SE\{Ecm)  is  the  astrophysical  5-factor. 
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Figure  1.  Double  differential  cross  sections  for  a  angular  correlation.  Solid  line  is  the 
coupled  channels  and  dotted  line  represents  the  SAM  calculations  (see  text).  Experi¬ 
mental  cross  sections  are  taken  from  ref.  [1]  at  a  constant  emission  angle  =  72°  for 
the  a  particle.  0cm  is  the  c.m.  angle  of  the  8.21  MeV  state  in  180*. 


198 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


da/dQ*dQ(arb.  unit) 


Coupled  channels  calculations 


X  (180,  lsO*>  X  - >  14c  ■+-  cx  -t-  X  ;  E,  ,  .  =  82  MeV 

lab 


2~  ;  8.21  McV 


Figure  2.  Three  dimensional  plots  for  the  theoretical  calculations  with  coupled  chan¬ 
nels  form  factor  of  a  correlations  for  180  break-up  in  different  target  materials.  6*  is 
the  c.m.  angle  of  the  intermediate  state  180*  and  ip  the  c.m.  angle  of  emission  of  the  a 
particle. 


X  (160,  160*)  X  - >  12C  -+-  cx  ;  Elab  =82  MeV 


Figure  3.  Three  dimensional  plots  for  the  theoretical  calculations  with  coupled  chan¬ 
nels  form  factor  of  a  correlations  for  160  break-up  in  different  target  materials. 
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Using  this  formalism  we  explain  the  correlations  for  8.21  MeV  resonance  for  18 O  break¬ 
up  into  a  and  14C.  The  coupled  channels  calculations  were  performed  by  considering  only 
two  channels.  The  reduced  electromagnetic  excitation  probability  values  were  taken  from 
the  literature  [4].  Figure  1  shows  excellent  agreement  between  theoretical  calculations 
(straight  line)  with  experiment.  A  SAM  calculation  (dotted  line)  was  also  performed  with 
the  parameter  set  given  in  ref.  [1]. 

We  have  further  calculated  the  correlations  for  8.21  MeV  resonances  for  18 O  break-up 
into  a  and  14C,  8.56  MeV  continuum  state  for  160  break-up  into  a  and  14C  for  three 
different  target  elements  40Ca,  90Zr  and  120Sn  (figures  2  and  3).  Though  calculations  for 
both  ieO  and  180  show  the  prominent  Z  dependence,  double  differential  cross  section  for 
a  correlations  of  16  O  break-up  behaves  differently  from  18  O  with  increasing  Z  [5].  This 
effect  is  most  probably  due  to  the  two  sd-shell  neutrons  present  in  the  lsO  nuclei. 


3.  Conclusions 

We  have  calculated  the  double  differential  cross  section  for  a  decay  of  2+  state  of  18  O  in 
the  sequential  breakup  reaction  A(180,  180*  ->14Ca)  at  82  MeV  with  SAM  and  coupled 
channels  form  factor  (A"  =12C,  40Ca,  90Z,  120Sn).  Good  agreement  was  observed  with 
experimental  results  using  the  coupled  channels  form  factor  of  the  double  differential  cross 
section  for  a  decay  from  the  8.21  MeV,  2+ -states  of  180.  We  predicted  the  nature  of  double 
differential  cross  section  for  a  decay  from  the  8.56  MeV,  2+ -states  of 16 O  in  the  sequential 
break-up  reaction  12C(160,  160*  ->12Ca)  at  82  MeV  using  the  coupled  channels  form 
factor.  Further  calculations  and  experiments  are  needed  to  extract  more  information  about 
the  dynamics  of  the  reaction  in  the  significant  region  of  phase  space  for  the  above  system. 
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Abstract.  Time  of  flight  and  energy  of  fission  fragments  were  measured  using  pulsed  beam.  Fis¬ 
sion  fragment  mass  and  energy  integrated  angular  distributions  were  extracted.  Fission  fragment 
anisotropy  was  explained  in  the  framework  of  saddle  point  model. 
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1.  Introduction 

Studies  of  HI  induced  fission  angular  distribution  of  fragments  have  shown  a  greater 
anisotropy  than  that  expected  on  the  basis  of  standard  fission  theory  [1-2].  Wider  mass 
distributions,  forward  backward  asymmetry  of  mass  distribution  are  also  observed  in  some 
heavy  systems  [3].  These  phenomena  are  attributed  to  many  non-compound  reaction  pro¬ 
cess  such  as  quasifission  etc  [3].  We  have  undertaken  an  experiment  to  understand  reaction 
mechanism  of  fission  through  angular  distribution  and  mass  distribution  measurements. 


2.  Experiment 

The  experiment  was  carried  out  at  Nuclear  Science  Centre,  New  Delhi,  using  16 O  pulsed 
beam  from  15UD  pelletron.  Beam  of  energy  92,  98  and  108  MeV  was  bombarded 
on  tantalum  target  of  thickness  205  /xg/cm2  and  carbon  backing  10  ^xg/cm2  (thick¬ 
ness  estimated  by  alpha  transmission  technique)  in  general  purpose  scattering  cham¬ 
ber.  Fission  fragments  were  detected  by  number  of  100  mm2  partially  depleted  sur¬ 
face  barrier  detectors  of  thickness  200  to  300  micron  operated  in  singles  mode.  Two 
additional  detectors  were  kept  at  10°  on  both  side  of  beam  axis  inside  the  cham¬ 
ber  to  monitor  Rutherford  scattering  for  cross  section  normalization.  For  each  event 
the  detector  measured  energy  and  time  of  flight  with  respect  to  time  structure  of 
pulsed  beam.  The  pulsed  beam  has  repetition  rate  of  250  ns  and  width  of  1.8  to  2  ns 
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Figure  1.  Two  dimensional  energy  versus  time  of  flight  spectrum.  Time  of  flight  in 
arbitrary  units. 


(measured  from  width  of  elastic  peak  during  the  experiment).  Start  signal  of  the  TAC 
was  from  detector  and  stop  from  RF  of  the  accelerator.  Absolute  time  scale  of  the  events 
were  determined  from  fast  elastically  scattered  peak.  The  energy  and  time  of  flight  signal 
were  corrected  for  pulse  height  defect  and  plasma  delay  following  the  empirical  formula 
of  Ogihara  [4] .  Energy  calibration  of  the  detector  was  done  from  elastic  scattering  data  at 
different  energy  and  alpha  and  fission  fragments  emitted  from  252  Cf  source.  Throughout 
the  experiment  there  was  good  separation  of  fission  events  and  other  reaction  products. 
For  fission  cross  section  calculation  a  gate  was  put  on  fission  events  at  two  dimensional 
scattered  plot  of  energy  versus  time.  At  each  angle  cross  section  was  normalized  with 
yield  of  10°  monitor  assuming  it  to  be  fully  Rutherford.  A  typical  two  dimensional  plot  is 
shown  in  figure  1. 


3.  Results  and  discussion 

The  measured  fission  angular  distributions  were  transformed  from  laboratory  to  center  of 
mass  frame  by  appropriate  Jacobian  obtained  by  using  Viola  systematics  for  symmetric 
fission  [5].  The  angular  distributions  in  center  of  mass  are  fitted  with  sum  of  even  or¬ 
der  Legendre  polynomials  to  extract  the  fission  fragment  anisotropy  VF(180o)/TL(90°). 
The  angular  distributions  with  fitting  is  shown  in  figure  2.  Total  fission  cross  sections  are 
obtained  by  integrating  the  angular  distribution  data  which  is  shown  in  figure  2.  In  the 
analysis  of  anisotropy  saddle  point  model  was  used  [6].  In  the  calculation  of  anisotropy  by 
this  model  requires  the  value  of  the  effective  moment  of  inertia  at  the  saddle  point  Jeff  (/). 
The  temperature  T  of  the  fissioning  system  at  the  transition  state,  and  l  distribution  of  the 
fissioning  system.  Jeff(/),  the  fission  barrier  B{(1)  and  the  ground  state  rotational  energy 
Erot(l)  was  calculated  using  the  finite  range  model  of  Sierk  [8].  The  excitation  energy  at 
the  saddle  is  calculated  using  the  following  equation: 

E*  —  Ecm  +  Q  —  Bf(l)  —  Erot(l)  —  En ,  (1) 
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Angular  distributions 


Figure  2.  Left:  Fission  fragment  angular  distribution,  solid  lines  are  fit  by  even  order 
legendre  polynomials.  Right:  Fission  excitation  function. 
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Figure  3.  Fission  fragment  anisotropies  for  the  system  160  +  181Ta. 
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where  Ecm  is  the  energy  in  the  center  of  mass  frame,  Q  is  the  Q  value  for  forming  the  com¬ 
pound  nucleus  and  En  is  the  average  energy  removed  by  emission  of  the  pre  saddle  neu¬ 
trons.  The  saddle  point  temperature  has  been  calculated  using  the  relation  T  =  \/E* /a, 
where  a  is  the  level  density  parameter.  A  value  of  A/ 10  MeV-1  was  assumed  for  level 
density.  In  our  system  <TfiSSion  <  ^fusion-  The  transmission  coefficients  T(l)  obtained  from 
Wong  model  for  fusion  cross  section  [7]  are  multiplied  by  the  fission  probability  Pf(/) 
to  obtain  the  l  distributions  for  fission.  Pf(Z)  were  obtained  from  statistical  model  code 
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Table  1.  Summary  of  the  results. 


•Ebeam 

MeV 

crpiss  (mb) 
expt. 

crFiss  (mb) 
theory 

A 

expt. 

A  (without  neutron 
correction) 

A  (with  neutron) 
correction) 

108 

437  ±  44 

420 

5.76±0.25 

4.82 

5.84 

98 

231  ±41 

189 

4.78±0.24 

4.34 

5.22 

92 

80  ±9 

92 

4.70±0.47 

3.92 

4.71 

PACE2.  We  have  used  the  values  of  prefission  neutron  multiplicity  obtained  from  PACE2. 
The  calculated  anisotropies  and  measured  anisotropies  are  shown  in  figure  3. 


4.  Conclusion 

In  the  present  paper  analysis  of  fission  fragment  anisotropies  and  fission  excitation  function 
for  the  system  16  O  +  181  Ta  at  energies  above  the  barrier  have  been  reported.  The  measured 
anisotropies  are  consistent  with  standard  statistical  model  prediction.  Mass  distribution 
results  will  be  reported  elsewhere. 
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A  three  body  approach  to  study  the  structural  properties 
of  2-n  halo  nuclei  and  the  search  for  Efimov  states 


V  S  BHASIN 

Department  of  Physics  and  Astrophysics,  University  of  Delhi,  Delhi  110  007,  India 

Abstract.  The  discovery  of  neutron  rich  isotopes  of  the  lightest  elements  on  the  neutron  drip  line 
exhibiting  a  halo  structure  has  opened  up  new  vistas  in  research  activities.  The  novel  structural 
features  associated  with  the  halo  phenomena  have  been  the  subject  for  extensive  theoretical  and 
experimental  investigations  in  recent  times.  In  this  talk,  I  propose  to  present  a  broad  overview  of  the 
recent  developments  in  this  field,  bringing  out  the  striking  features  which  show  that  a  large  number 
of  light  nuclei  near  the  neutron  drip  line  are  characterized  by  a  clear  separation  between  a  ‘normal’ 
core  nucleus  and  a  loosely  bound  low  density  veil  of  neutrons.  Specifically,  the  two  neutron  halos 
offer  a  natural  premises,  from  a  theoretical  standpoint,  to  employ  three  body  techniques  for  studying 
their  detailed  structural  properties.  A  considerable  part  of  the  talk  will  be  devoted  to  report  and 
highlight  the  results  on  a  number  of  light  halo  nuclei  such  as  nLi,  14Be,  19B  and  22C  on  which  we 
have  been  carrying  out  investigations  employing  a  simple  but  realistic  three  body  model.  These  three 
body  systems  which  have  been  termed  as  ‘Borromean’  (i.e  while  three  body  systems  are  bound,  the 
corresponding  binary  subsystems  on  the  other  hand  are  unbound)  are  characterized  by  large  spacial 
extension  and  very  low  separation  energy  of  the  neutron.  They  are,  therefore,  ideally  suited  for 
exploring  the  possibility  of  the  existence  of  Efimov  states  in  two  neutron  halo  nuclei.  We  have 
recently  carried  out  the  three  body  analyses  to  predict  the  possibility  of  the  occurrence  of  such  states 
on  which  experimental  work  at  various  laboratories  is  underway. 

Keywords.  Three  body  calculations;  Efimov  states;  Borromean;  halo  nuclei. 

PACS  Nos  21.45.+v;  21.10.Dr;  21.60.Gx;  27.20.+n 


1.  Introduction 

With  the  upcoming  facilities  for  producing  intense  radioactive  nuclear  beams  through  high 
energy  fragmentation  alongwith  the  contemporary  developments  in  the  state  of  the  art  in¬ 
volving  detectors  and  isotope  separators,  experiments  have  been  carried  out  which  have 
opened  [1-4]  a  new  rich  field  of  nuclear  physics:  the  structure  of  nuclei  near  the  driplines. 
The  chart  of  nuclides,  in  which  the  neutron  number  N  is  plotted  against  the  proton  number 
Z  shows  that  stable  nuclei  form  a  diagonal  band  near  Z  —  N  line.  On  either  side  of  this 
‘valley  of  stability’  lies  a  wider  region  of  unstable  nuclei.  (These  are  nuclei  that,  if  formed, 
will  exist  for  a  finite  time  before  /^-decaying  to  more  stable  forms.)  The  outer  edges  of  this 
unstable  region  are  known  as  the  proton  and  neutron  driplines. 

Using  the  empirical  mass  formula  for  the  binding  energy: 
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B(N,  Z)  =  bvA  -  bsA2'3  -  ^bsym{—  -  |^ 


(1) 


the  minimization  condition  i.e, 
dB 

Qjy  |A=const  —  U 


gives 


(N  -  Z)0 

—stable 


1 4-A-  (Mn-  Mv)  , 

=  5R‘  V  ,  P>  «  6  x  10-3A5/3 


O  &sym 

Z  A 


_j_  3  e- 
”r  5 


(2) 


The  nuclei  which  satisfy  this  relationship  gives  rise  to  the  (3 -stability  valley.  The  neutron 
(proton)  dripline  which  signify  the  limits  of  the  nuclear  periodic  table  with  separation 
energies  Sn  =  0  (Sp  =  0)  are  obtained  through  the  conditions 


0  for  the  neutron  dripline, 

0  for  the  proton  dripline. 

These  lines  are  located  far  off  from  the  stability  valley  and  there  appears  to  be  a  large 
number  of  nuclei  lying  beyond  the  stability  line. 

Through  several  decades  of  studying  the  charge  and  matter  distribution  of  stable  nuclei, 
we  have  learnt  three  characteristics  of  nuclear  density  common  to  all  nuclei. 

1.  The  proportionality  of  the  nuclear  radius  :  R  ex  A1/3 
i.e  R  =  roA1/3  :  ro  =  1.2  x  10~15m. 

2.  Surface  thickness  of  about  1  femtometer  (the  density  over  which  the  nuclear  density 
drops  about  70  percent  to  30  percent  of  its  maximum  value). 

3.  An  almost  complete  spatial  overlap  of  the  proton  and  neutron  density  distributions. 

The  pioneering  experiments  which  were  carried  out  to  investigate  the  properties  of  these 
light  neutron  rich  nuclei  such  as  8 He,  11  Li,  11  Be,  14 Be  etc.  seem  to  suggest  that  all  the 
three  rules  mentioned  above  get  violated.  Thus,  for  instance,  in  the  case  of  11  Li,  its  rms 
radius  is  3.16  fm  -  as  large  as  that  of  32S;  the  surface  thickness,  or  diffuseness  is  extremly 
large  compared  with  that  of  the  protons  alone,  which  is  more  typical  of  a  normal  nuclear 
density  distribution.  Very  weak  binding  of  the  outermost  neutrons  in  the  nucleus  leads  to 
neutron  density  distribution  which  extends  well  beyond  the  matter  radius  expected  from 
systematics  -  indicating  the  formation  of  ‘cloud’  (quantum  mechanical  tunneling)  com¬ 
monly  known  as  ‘halo’.  One  can  clearly  see  in  the  density  distribution  [5]  a  long  tail 
formed  by  the  last  two  neutrons.  Such  a  description  is  indeed  supported  by  the  experimen¬ 
tal  observations  of  abnormally  large  total  reaction  and  Coulomb  dissociation  cross-section, 
very  sharply  peaked  angular  distribution  of  the  neutrons  observed  in  coincidence  with  other 
fragments  in  the  breakup  reactions  and  sharp  narrow  structure  observed  in  the  momentum 
distribution  of  the  fragments. 


dB 

aiv 

dB 

ON' 


Zconst 


L/Vconst 
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Structural  properties  of2-n  halo  nuclei 


1.1  Excitation  and  structure  of  the  halo  nucleus 

The  discovery  of  the  neutron  halo  has  also  brought  to  light  new  kinds  of  excitation  modes 
in  nuclei.  Among  the  known  collective  nuclear  excitations,  the  giant  El  excitation  which 
results  from  the  oscillation  of  the  proton  and  neutron  distributions  against  each  other  is  the 
most  pronounced  nuclear  excitation.  In  a  nucleus  with  a  neutron  halo,  one  has  a  similar 
additional  oscillation  -  that  of  the  core  against  the  halo.  This  excitation  is  known  as  the 
soft  El  mode  because  of  the  gradual  decrease  of  the  halo  density  at  large  distances,  the 
restoring  force  is  weak  and  the  oscillation  frequency  is  extremely  low.  In  fact,  several 
model  calculations  [6]  predict  the  energy  for  this  excitation  to  be  about  1  MeV,  much  lower 
than  the  typical  El  giant  resonance  energy  of  around  20  MeV.  Experimentally  observed 
large  dissociation  cross-section  of  a  halo  nucleus  like,  11  Li,  by  a  high  Z-target  strongly 
suggests  the  existence  of  such  a  low  frequency  excitation  mode. 

Experiments  also  provide  compelling  evidence  for  halo  clusterization  of  matter  into  a 
normal  core  nucleus  and  a  loosely  bound  low  density  veil  of  neutrons  around  the  core. 
For  instance,  the  experimental  measurements  [7]  on  the  magnetic  dipole  and  dielectric 
quadrupole  moments  of 11  Li  give  values  which  are  found  to  be  close  to  those  obtained  for 
9Li.  In  addition  the  results  [8]  on  charge  changing  reaction  cross-section  for  8,9,11Li  on  C 
target  strongly  indicate  that 11  Li  is  to  be  regarded  as  a  three  body  system  with  9  Li  as  core 
and  the  two  neutrons  orbiting  around  it. 

The  simplest  halo  is  a  two  body  system  consisting  of  one  neutron  outside  the  nuclear 
core.  It  has  been  shown  that  if  a  neutron  halo  is  defined  as  a  divergent  rms  radius  of 
the  halo  for  the  neutron  separation  energy,  Sn,  approaching  zero,  then  a  two  body  halo 
can  occur  only  for  s-  and  p-states.  The  conditions  for  the  occurance  of  2-n  halo  in  three 
body  systems  such  as  in  11  Li  where  S^n  >  0  and  Sn(N  —  1)  <  0  are  more  restrictive. 
Nevertheless,  it  is  quite  clear  that  at  such  low  energies  the  effective  two  body  interaction  is 
operative  in  low  partial  waves  such  as  Z  =  0,  1  etc.  To  describe  these  binary  interactions, 
the  most  natural  choice,  from  an  empirical  standpoint,  is  the  separable  potentials  which  can 
be  easily  constructed  from  the  two  body  data  in  a  given  partial  wave.  These  potentials  can 
then  prove  to  be  not  only  realistic  enough  to  describe  the  binary  system  through  analytic 
expressions  but  also  turn  out  mathematically  simple  enough  to  solve  the  three  body  systems 
representing  the  2-n  halo  nuclei.  During  the  past  few  years  we  have  been  employing  this 
approach  [9,10]  to  study  the  structural  properties  of  halo  nuclei  such  as  nLi,  14Be,  19B, 
22  C  and  20  C.  Before  I  present  the  details  to  describe  this  approach  and  the  results  obtained 
on  these  systems,  let  me  briefly  mention  some  of  the  other  theoretical  approaches  (with 
modifications  in  the  standard  ones)  which  have  been  put  forth  to  account  for  the  properties 
of  the  halo  nuclei. 


1.2  Other  theoretical  approaches 

1.2.1.  Shell  model  calculations:  Here  several  difficulties  appear;  first  shell  model  orbitals 
no  longer  provide  a  good  starting  point  if  the  residual  interaction  is  ignored  -  the  valence 
particles  in  that  case  may  not  even  be  bound;  second  is  the  problem  of  treating  the  inter¬ 
action  in  the  nuclear  exterior  where  many  body  effects  may  be  small  and  the  interaction  is 
close  to  the  ‘free’  particle  case.  Arima  et  al  [11]  employing  the  shell  model,  calculate  the 
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radii  of  neutron-rich  p-shell  nuclei  and  find  rather  difficult  to  correctly  reproduce  matter  of 
11Li. 

1.2.2.  Self-consistent  Hartree-Fock  calculations  (including  relativistic  mean  field  ap¬ 
proach  [12]):  These  attempts  also  fail  to  reproduce  separation  energies,  rms  radii,  interac¬ 
tion  cross-section  for  11  Li,  6He  etc.  However,  as  observed  by  Bertsch  et  al  [13]  only  by 
adjusting  the  separation  energy  of  the  last  neutron  to  the  measured  value  is  some  agreement 
possible. 

1.2.3.  Three  body  approaches:  A  number  of  attempts  using  many  variants  of  the  three  body 
approach  have  been  made  in  the  recent  past  and  have  been  summarized  in  a  review  article 
by  Zhukov  et  al  [14]  . 

The  object  of  the  present  work  is  to  employ  Faddeev’s  three  body  theory  [15]  using  two 
body  separable  potentials  to  study  the  structural  properties  of  2n-halo  nuclei. 


2.  Faddeev’s  three  body  approach  using  separable  potentials 


In  Faddeev’s  theory,  the  eigenfunction  of  the  three-particle  Hamiltonian  with  pair  interac¬ 
tion  is  represented  as  a  sum  of  three  terms,  viz, 

$  =  ^(1)(p23  ,  pi)  +^(2)(P31 ,  P2)  +  ^(3)(pi2  ,  Pz)  (3) 


for  each  of  which  there  exists  a  coupled  set  of  equations  symbolically  expressed  as 

=  <t>^  ~  Go  tjk  for  i  ^  j  ^  k  =  1,  2, 3.  (4) 


In  this  equation  tjk  s  are  two-body  ^-matrices  in  the  three-particle  Hilbert  space;  </A*)’s 
refer  to  the  free  states  incorporating  the  appropriate  boundary  conditions  for  the  three  body 
scattering  problems.  In  the  case  of  bound  state  problem  of  our  interest,  the  inhomogeneous 
terms  do  not  appear  and  we  have  eventually  the  coupled  integral  equation  in  momentum 
space.  The  momenta  appearing  in  the  wave  function  (eq.(3))  are  given  by 


rrijPi  —  rriiPi 
rrii  +  m 


t+3  _  (rrii  +  rrij)Pk  -  mk(Pi  +  Pj) 

5  Pk  — 


mi  +  rrij  +  mk 


(5) 


—4  -4  -4 

where  Pi  ,  P2  represent  the  momenta  of  the  two  neutrons  and  P3  is  the  momentum  of  the 

—4  -4  —4 

core.  In  the  three  body  c.m  system  Pi  +  P2  +  P3  =  0,  we  have  two  independent  momenta. 
For  the  two  body  interaction,  we  assume  separable  potentials.  The  potential 


An 

2/^12 


S(Pl2)fl(pi2). 


9(P)  = 


(P2+P2) 


(6) 


is  known  to  reproduce  the  low  energy  scattering  data  for  the  x5o  n  -  n  state  reasonably 
well  with  the  help  of  adjustable  parameters  An  and  [3.  For  the  n-core  system,  we  assume 
that  the  core  is  spinless  and  the  halo  neutron  exists  in  a  low  lying  intruder  s-orbit  producing 
a  virtual  or  a  bound  state  with  the  core.  With  this  restriction,  we  assume 
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Ac 

2/i  23 


/(P23)/(P23). 


^3!  =  -^/{P3l)Ml), 

1 

"  (P2  +  /??)  ’  (7) 

Here  since  we  only  know  the  bound  state  or  the  excitation  energy  of  the  system,  this  gives 
a  certain  amount  of  flexibility  in  the  determination  of  the  parameter  . 

With  this  input,  the  solution  of  the  three  body  wave-function  can  be  analytically  ex¬ 
pressed  as 


^(PV2,P3',  E)  —  D  1(pi2,P3',E)[g{p12)F(p3)  +  f{p23)G(p1) 

+  /(psiJGfe,)], 


(8) 


where  the  spectator  function  F(p)  and  G(p)  satisfy  the  coupled  integral  equations: 


[A-1  -  hn(p)]F(p)  =  2  J  d qKx (p, q;  E)G(q),  (9) 

[A-1  -  hc(p)]G(p)  =  2  J  d qK2(p,q;E)F{q)  +  J  AqK3(p,pE)G{q),  (10) 

where  the  kernels  K i,  K2:Ks  alongwith  the  other  symbols  are  given  in  ref.  [9]. 


3.  Results  and  comparison  with  experimental  data 

The  above  formalism  has  been  employed  to  study  the  properties  of  halo  nuclei  such  as  11  Li, 
14 Be,  19 B,  22 C  and  20 C.  The  calculations  to  extract  information  on  properties  such  as  the 
binding  energy,  the  momentum  distribution  of  the  core  and  of  the  halo  neutron  through  the 
spectator  functions  as  well  as  the  root  mean  square  separations  of  n—n  and  n-core  pairs 
for  11  Li  have  been  discussed  in  detail  and  compared  with  the  experimental  data  in  ref.  [9]. 
Thus,  for  instance,  the  equations  (9)  and  (10)  which  essentially  reduce  to  one  variable 
integral  equations  after  performing  the  angular  integrations,  have  been  numerically  solved 
as  an  eigenvalue  problem  in  terms  of  the  two  body  strength  parameter  Ac  by  feeding  the 
value  of  the  three  body  binding  energy  E  as  input.  The  numerical  values  of  Ac  so  computed 
are  then  compared  with  those  determined  through  the  two  body  analysis.  The  results  are 
compared  in  table  1 . 


Table  1. 


B.E  of  11Li(MeV) 

13/a 

A„/a3 

Pi/a 

Ac/a3 

Ac  / c*3  from  3-body 

0.34 

5.8 

18.6 

5.0 

10.32 

12.92 

6.3 

23.4 

5.0 

10.32 

12.91 

5.8 

18.6 

5.5 

14.00 

17.01 

0.20 

5.8 

18.6 

5.0 

10.32 

12.39 

5.8 

18.6 

5.5 

14.00 

16.38 
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The  solutions  of  the  spectator  functions  F(p)  and  G(p)  satisfying  the  integral  eqs  (9) 
and  (10)  describe  the  momentum  distribution  of  the  spectator  particles  i.e,  of  9 Li  and  of  the 
halo  neutron  within  the  nucleus.  Experimentally,  momentum  distribution  of  9Li  fragments 
following  the  break-up  of 11  Li,  i.e 

11  Li  +  At  -»  9Li  +X 

has  been  studied  by  Orr  et  al  [16]  to  observe  the  momentum  distribution  of  9Li.  Similarly, 
the  experiments  on  the  momentum  distribution  of  neutrons  through  the  reaction 

nLi  +At  ->  9 Li  +  n  +  X 

using  targets  such  as  Be,  C  and  Pb  were  carried  out  by  Anne  et  al  [17]  to  observe  the 
momentum  distribution  of  halo  neutron  in  the  nucleus.  Figures  (1)  and  (2)  shown  in  ref.  [9] 
compare  reasonably  well  with  the  experimental  findings. 

From  our  ‘master’  three  body  equation  (8),  we  can  also  make  estimate  of  the  correlations 
between  the  two  halo  neutrons  and  between  a  halo  neutron  and  9 Li  core  within  the  nucleus. 
In  fact,  the  function 

(\)nn  =  D~1(pi2,P3-,E)g(pi2)  "  (11) 


and 


<t>nc  =  D  1(pi2,P3\E)  f(p2 3)  (12) 

describe  the  correlation  between  the  two  neutrons  and  between  the  neutron  and  9Li. 

Very  recently  kinematically  complete  measurements  for  Coulomb  dissociation  of  11  Li 
into  9 Li  +  2n  have  been  carried  out  by  leki  et  al  [18].  The  data  for  the  correlation  functions 
deduced  from  the  relative  momentum  spectrum  between  two  neutrons  in  coincidence  with 
9 Li  has  been  compared  in  figure  (3)  of  ref.  [9].  Using  these  correlation  functions  we  also 
compute  the  values  of  the  root  mean  square  radii  fnn  and  fnc  as  a  function  of  the  three 
body  binding  energy.  These  are  summarized  in  table  2. 

With  the  help  of  these  values,  we  then  calculate  the  rms  matter,  fmatte r,  for  11  Li  using 
the  relation  given  in  ref.  [19]. 

(^*2 ) matter  =  inhere  +  J  (^)  -  (13) 

where  (^2)core  is  the  mean  square  value  of  the  radius  of  9Li  and  the  radial  variable 

p2=x2  +  y2,  x  —  f\  -  r2/V2  and  y  =  yj (2 AJA)  [(fq  +  r2/ 2)  -  r3].  Taking  the  value 

of  y/i^Ycore  ^or  9 ^  t0  2-3  fm,  we  obtain  the  value  of  the  matter  radius  to  be  3.6  fm  to 
be  compared  with  the  experimental  value  of  3.14  ±  0.06  fm. 


Table  2. 


B.Eof 

nLi(MeV) 

r  nn 

r  nc 

0.20 

10.63 

10.93 

0.25 

9.90 

9.86 

0.315 

8.93 

8.87 
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3.1  Efimov  states  in  halo  nuclei  like  14  Be,  19B,  22 C  and  20 C 


The  above  formalism  has  also  been  extended  to  address  an  intriguing  question  as  to  how  far 
and  under  what  conditions  the  two  neutron  halos  characterized  by  large  spatial  extension 
and  very  low  separation  energy  of  the  halo  neutrons  actually  attain  the  Efimov  limit  so 
as  to  produce  the  Efimov  states  near  the  three  body  breakup  threshold.  Quantitatively,  as 
pointed  out  by  Efimov  [20] ,  so  long  as 

r0y/\E\  <  1  and  r0  <  a,  (14) 

where  ro  is  the  range  of  the  two  body  interaction,  E  is  the  energy  of  the  three  body  system 
and  a  represents  the  scattering  length  of  the  virtual  s-state  of  the  two  particles,  the  exis¬ 
tence  of  resonating  s-wave  potentials  results  in  the  appearance  of  a  three  body  long  range 
interaction  which  goes  as  1/R2  where  R2  =  r2  -f  p2.  The  existence  of  such  a  long  range 
force  should  respond  by  producing  a  large  number  of  states  particularly  near  and  below  the 
three  body  break  up  threshold.  With  this  objective  we  investigated  in  ref.  [10]  the  possibil¬ 
ity  for  the  occurence  of  the  Efimov  states  in  14  Be  assuming  a  possibility  for  the  existence 
of  a  low  lying  5  orbital  state  for  the  halo  neutrons  with  12  Be  as  core.  The  basic  structure 
of  the  integral  equations  as  given  in  ref.  [9]  is  esssentially  the  same.  However,  for  the 
purpose  of  studying  the  sensitive  computational  details  of  the  Efimov  effect,  we  transform 
these  equations  involving  only  dimensionless  quantities  as  discussed  in  ref.  [10].  In  table  3 
are  shown  the  results  of  three  body  calculations  of  energies  of  14 Be  for  the  ground  states 
and  first  two  excited  states  (eo,  £i  and  62)  for  different  excitation  energies  of  the  n— 12Be 
system. 

From  table  3  we  note  that  at  50  keV  virtual  state  energy  of  n— 12 Be  system,  the  three 
body  binding  energy  for  14 Be,  as  obtained  from  the  set  of  integral  equations,  is  1350  keV 
which  is  in  close  agreement  with  the  experimentally  observed  value.  (Note  that  here  the  pa¬ 
rameters  of  n— 12Be  potential  are  taken  as  Ai  =  11.71a3  ,  f3\  —  5.0a.)  However,  this  two 
body  potential  does  not  reproduce  any  excited  state  for  14  Be  system.  As  the  virtual  state 
energy  of  the  n— 12  Be  system  is  lowered  to  2  keV,  the  resulting  three  body  system  starts 
swelling  and  enters  into  the  regime  of  Efimov  effect.  As  a  result  we  get  two  excited  states 
besides  the  ground  state  energy  of  1450  keV  for  the  14 Be  system.  The  same  trend  appear  to 
follow  in  the  case  of  Borromean  nuclei  like  19B  and  22 C.  Here  we  find  that  by  employing 
the  realistic  two  body  potentials  for  n— n  and  n-core  systems,  the  three  body  equations 
can  predict  the  three-body  ground  state  energy  in  agreement  with  the  experimental  values. 
However,  the  input  two  body  dynamics,  does  not  allow  the  three  body  equation  to  admit 
any  solution  for  the  occurence  of  the  excited  states  near  the  break-up  threshold.  It  is  only 


Table  3. 


n— 12  Be  energy 
(keV) 

Ai 

ds 

(fm) 

eo 

(keV) 

ei 

(keV) 

eo2 

(keV) 

50 

11.71 

-21 

1350 

5.8 

12.32 

-62 

1408 

0.1 

2 

12.46 

-105 

1450 

2.6 

0.06 

1 

12.52 

-149 

1456 

3.8 

0.22 

0.1 

12.62 

-483 

1488 

6.1 

0.62 

0.05 

12.63 

-658 

1490 

6.4 

0.68 

0.C1 

12.65 

-1491 

1490 

6.9 

0.72 
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by  changing  the  parameters  of  the  n-core  potential  so  as  to  reduce  the  excitation  energy  to 
a  few  keV,  that  the  Efimov  region  begins  to  develop  and  the  excited  states  start  appearing 
for  the  Borromean  type  halo  nucleus. 

The  study  of  20 C,  which  is  not  Borromean,  has  been  found  rather  interesting.  Here  we 
considern— n— 18C  system,  where  n-18C  has  an  observed  bound  state  energy  of  about  160 
keV.  In  this  case,  with  the  two  body  potential  for  n-18C,  we  find  that  our  equations  predict 
the  ground  state  energy  of  3.5  Mev  in  close  agreement  with  the  experimental  value.  In 
addition,  we  get  the  Efimov  states  for  energies  around  150  keV.  Thus  a  realistic  potential 
for  a  binary  n-18C  system  which  reproduces  the  ground  state  energy  in  agreement  with  the 
experimentally  observed  value  also  predicts  three  excited  states  around  150  keV.  This  is  a 
striking  result  which  needs  to  be  confirmed  experimentally.  This  has  led  us  to  establish  in 
quantitative  terms  general  criteria  for  the  occurrence  of  Efimov  states  in  such  halo  nuclei 
[21]. 


4.  Conclusion 

The  physics  of  the  halo  phenomena  seems  to  be  the  homefield  for  few  body  cluster  models. 
It  is  clear  that  to  understand  the  structural  properties  of  the  2 n  halo  nuclei,  one  has  to  go 
beyond  the  meanfield  approach  to  few  body  theoretical  procedures  such  as  the  one  laid 
down  by  Faddeev  three  body  theory.  By  employing  the  separable  potentials  for  the  binary 
systems  we  solve  the  three  body  systems  representing  the  2 n  halo  nuclei  to  compute  their 
structural  features.  The  present  approach  has  the  following  distinct  advantages', 

1 .  It  provides  us  direct  information  about  the  momentum  distribution  of  single  particles 
within  the  halo  through  the  knowledge  of  the  spectator  function,  which  can  be  easily 
compared  with  the  experimental  data.' 

2.  The  information  about  the  two  body  correlation  function  inside  a  halo  nucleus  can  be 
obtained  in  a  rather  simple  way  from  the  solution  of  the  three  body  wave-function. 

3.  It  may  be  emphasized  that  since  the  three  body  observables  are  computed  without 
resort  to  any  approximation,  any  discrepancy  between  the  observed  and  the  calcu¬ 
lated  quantities  should  directly  reflect  on  the  inadequacy  or  limitation  of  the  input 
two  body  potentials  used. 

To  address  the  deeper  question  as  to  how  these  new  clustering  features  emerge  from  the 
nuclear  many  body  theory  is  a  challenge  (to  theorists)  for  the  future. 
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Rare  cold  nuclear  processes  -  A  review  and  some  new 
results 
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Abstract.  The  rare  nuclear  processes  of  cluster  radioactivity,  cold  fission  and  cold  fusion,  studied 
on  the  basis  of  the  quantum  mechanical  fragmentation  theory  (QMFT),  are  reviewed.  This  theory  was 
advanced  as  early  as  in  1974-75  by  the  author  and  collaborators,  first  at  Frankfurt  and  then  developed 
both  at  Frankfurt  and  Chandigarh.  The  QMFT  predicted  all  the  three  phenomena  to  occur  most 
probable  as  cold  processes,  prior  to  their  experimental  observations.  The  success  of  experiments 
with  respect  to  the  QMFT  and  some  new  results  are  presented  as  predictions  of  this  theory  for  future 
experiments. 

Keywords.  Cluster  radioactivity;  cold  fission;  cold  fusion. 

PACS  Nos  23.70.+j;  25.85.-w;  25.70.Pa 


1.  Introduction 

Cluster  radioactivity,  cold  fission  and  cold  fusion  of  nuclei  for  synthesizing  new  heavy  el¬ 
ements  are  rare  nuclear  processes.  The  interesting  aspect  of  these  processes  is  that  they  are 
not  only  rare  but  also  occur  more  probable  as  cold  phenomena.  The  rare  nature  of  these  pro¬ 
cesses  stem  from  the  fact  that  these  processes  are  masked  by  other  competing  processes. 
Cluster  radioactivity  is  masked  by  the  larger  number  of  a-decay  events,  cold  fission  by 
fragments  of  various  other  velocities  (hot  and/or  bimodal  fission)  and  cold  fusion  by  their 
specific  choice  of  target-projectile  combinations,  incident  bombarding  energies  and  angu¬ 
lar  momenta.  The  dynamical  or  quantum  mechanical  fragmentation  theory  (QMFT)  pre¬ 
dicted  all  the  three  phenomena  to  be  most  probable  as  cold  processes.  These  predictions 
were  made  as  early  as  in  1 974-75,  prior  to  their  being  observed  experimentally.  Note  that 
the  QMFT,  being  a  quantum  mechanical  theory,  does  not  preclude  the  other  processes,  like 
the  hot  fission  or  hot  fusion,  but  predict  them  to  be  less  probable,  as  is  now  observed  to  be 
the  case.  A  complete  study  of  these  three  processes  and  related  new  phenomena  is  given 
in  a  forthcoming  new  book  [1]  edited  by  the  author  and  Walter  Greiner. 

Cluster  radioactivity  is  the  spontaneous  emission  of  clusters  heavier  than  ce-particle  and 
without  being  accompanied  by  any  neutron  emission.  Thus,  it  is  a  cold  process  (zero  exci¬ 
tation  energy)  since  the  energy  released  as  Q-value  is  completely  consumed  by  the  kinetic 
energy  alone  of  the  two  fragments  (the  cluster  and  daughter  nuclei).  Fission  is  also  the 
spontaneous  breaking  of  a  nucleus  into  two  fragments  (for  binary  fission),  heavier  than  the 
ones  involved  in  cluster  radioactivity,  but  with  or  without  being  accompanied  by  neutron 


215 


Raj  K  Gupta 


emission.  The  neutronless  fission  or  in  terms  of  velocities  the  very  high  total  kinetic  energy 
(close  to  the  Q-value)  fission,  called  cold  fission,  was  first  observed  in  1981/82  at  Grenoble, 
using  the  recoil  spectrometer  Lohengrin,  where  the  kinetic  energies  of  the  fragments  were 
also  measured  along  with  their  masses  and  charges  [2,3].  The  actual  neutronless  fission,  an 
equivalent  of  cluster  radioactivity,  is  observed  more  recently  in  1994  at  Oak  Ridge,  where 
the  neutronless  as  well  as  high  neutron  multiplicity  fissions  are  observed  [4].  This  estab¬ 
lishes  the  cold  and  hot  fission,  as  well  as  the  bi-modal  fission,  first  observed  in  1986  as  two 
different  kinetic  energy  distributions  [5].  The  observed  high  neutron  multiplicity  fission 
in  these  experiments  is  also  associated  with  hyper-deformation  of  the  fission  fragments  at 
the  scission  configuration  [6],  since  the  total  excitation  energy  (difference  of  Q- value  and 
total  kinetic  energy)  can  go  into  not  only  the  internal  excitation  of  the  fragments  but  also 
in  their  deformation  degree  of  freedom.  This  hyper-deformation  mode  is  apparently  the 
low  total  kinetic  energy  or  hot  deformed  fission,  that  was  first  observed  in  1992  at  ILL 
[7].  Finally,  the  real  signatures  of  cold  fusion  were  first  seen  in  the  1994  experiments  at 
GSI,  Darmstadt,  where  enhanced  fusion  cross-sections  were  observed  at  lower  excitation 
energies,  or  incident  energies  below  the  barrier  [8-10].  Also,  hot  fusion  experiments  are 
carried  out  more  recently  which  result  in  lower  fusion  cross-sections  [11].  For  example, 
58Fe  +  208pb  and  34S  +  238U  result  in  the  same  heavy  nucleus  2Qg,267Hs  emitting  one  or 
five  neutrons,  respectively,  but  the  first  one  is  a  cold  reaction  (18  MeV  excitation  energy) 
with  19  pb  of  fusion  cross-section  and  the  second  one  a  hot  reaction  (50  MeV  excitation 
energy)  with  only  2.5  pb  of  fusion  cross-section.  It  is  relevant  to  mention  here  that  all  the 
transactinides  ( Z  <  103)  are  synthesized  since  1975  using  only,  what  can  be  termed  as 
the  cold  fusion  reactions  on  the  basis  of  the  QMFT.  All  these  early  experiments  were  made 
either  at  a  single  incident  energy  or  at  energies  above  the  barrier.  Thus,  inspite  of  the  use 
of  cold  fusion  reactions,  real  signatures  of  cold  fusion  eluded  detection  till  late  1994  when 
Hofmann  et  al  [8]  bombarded  208  Pb  with  62’64Ni  at  different  incident  energies,  both  above 
and  below  the  barrier. 

The  QMFT  is  a  unified  description  of  all  the  three  processes  of  (cold)  fusion,  fission  and 
cluster  radioactivity.  The  key  result  behind  the  three  phenomena  is  the  shell  closure  effect 
of  one  or  both  of  the  reaction  partners  for  fusion  or  that  of  the  decay  products  for  fission  and 
cluster  radioactivity.  Both  experimentally  and  theoretically,  for  cold  phenomena,  one  of 
the  nucleus  (or  decay  product)  is  always  a  spherical  closed  or  nearly  closed  shell  nucleus. 
Apparently,  the  significance  of  spherical  closed  shells  raises  the  question  of  the  role  of 
deformed  closed  shells,  which  need  to  be  investigated  in  future. 

Section  2  gives  briefly  the  essential  aspects  of  the  dynamical  fragmentation  theory,  the 
QMFT.  Applications  of  this  theory  to  heavy  ion  reactions,  specifically  the  synthesis  of  new 
heavy  elements,  the  fission  phenomenon  and  cluster  radioactivity  are  reviewed  in  §3.  This 
includes  some  new  results  obtained  recently.  Our  conclusions  are  summarized  in  §4. 


2.  The  dynamical  fragmentation  theory 


The  QMFT  is  based  on  two  center  shell  model  (TCSM),  used  as  an  average  two-body 
potential  in  Strutinsky  macro-microscopic  method.  The  relevant  dynamical  collective  co¬ 
ordinates  are  the  mass  and  charge  asymmetry  coordinates 


p  = 


Ai  —  A  2 

Ai  +  A2 


(A  —  Ai  +  A2), 


Vz  = 


Zi  4-  Z2 


(Z  —  Z 1  +  Z2), 


(1) 
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in  addition  to  the  commonly  used  coordinates  of  relative  separation  R  of  two  nuclei  (or 
fragments),  their  deformations  ft  (z  =  1,2)  and  neck  parameter  e.  Similarly,  a  neutron 
asymmetry  coordinate  can  be  introduced,  but  one  need  to  treat  only  two  of  them  as  inde¬ 
pendent  variables  since  the  three  are  related.  The  limiting  values  of  77  are  0  <  M  <  1 
and  thus  allows  a  unified  description  of  a  few  nucleon,  multi-nucleon  (or  cluster)  transfer, 
a  large  mass  transfer,  the  complete  fusion  (I77I  =  1)  of  nuclei  and  the  symmetric  (77  =  0), 
asymmetric  and  super-asymmetric  fission  (equivalently  the  cluster  radioactivity)  of  a  nu¬ 
cleus  or  compound  nucleus.  The  details  are  given  in  the  review  by  Gupta  and  Greiner  in 
[1]. 

For  heavy-ion  collisions,  the  time-dependent  Schrodinger  equation  in  77  (taking  motions 
in  77  and  r\z  as  weakly  coupled) 

r\ 

HW(t),t)  =  ih—y(ri,t),  (2) 

is  solved  for  R(t)  treated  classically  and  the  other  coordinates  ft,  ft  and  e  fixed  by  min¬ 
imizing  the  collective  potential  in  these  coordinates.  Equation  (2)  is  solved  for  a  number 
of  heavy  systems,  showing  a  few  nucleon  to  large  mass  transfer  or  no  transfer  at  all  for  the 
initial  77;-values  refering  to  outside  or  on  the  potential  minima.  This  procedure,  however, 
is  very  much  computer-time  consuming,  but  some  simplifications  have  been  possible. 

The  potentials  V(Rirj)  and  V(R,r]z)  show  that  the  motions  in  both  77  and  77 z  are 
much  faster  than  the  TVmotion.  This  means  that  the  potentials  V (R,  77)  and  V (R,  77 z)  are 
nearly  independent  of  the  ^-coordinate  and  hence  R  can  be  taken  as  a  time-independent 
parameter.  This  reduces  the  time-dependent  Schrodinger  equation  (2)  to  the  stationary 
Schrodinger  equation 


h4 


8 


d 


2^/R^drj  s/Brirjdil 


(3) 


where  R  is  fixed  at  the  post  saddle  point.  This  choice  of  R-  value  is  justified  by  many  good 
fits  to  both  the  fission  and  heavy-ion  collision  data  and  by  an  explicit,  analytical  solution  of 
time-dependent  Schrodinger  equation  in  r/z  coordinate  [1].  An  interesting  result  of  these 
calculations  is  that  the  yields  (oc  | ^ (77) 2  or  \^{pz)\2 ,  respectively,  for  mass  or  charge 
distributions)  are  nearly  insensitive  to  the  detailed  structure  of  the  cranking  masses  BVJ1, 
calculated  consistently  by  using  TCSM.  In  other  words,  the  static  potential  V (77)  or  V (rjz) 
contain  all  the  important  information  of  a  fissioning  or  colliding  system,  given  simply  by 
the  Coulomb  interaction  plus  the  sum  of  the  ground  state  binding  energies  of  two  nuclei 
(at  some  critical  distance  Rc ), 


i=l 


(4) 


The  charges  Z\  and  Z2  are  fixed  by  minimizing  the  potential  in  r/z  coordinate  (which 
fixes  ft  automatically)  and  then  the  proximity  potential  Vp  is  added  to  account  for  the 
additional  attraction  between  nuclear  surfaces.  Equation  (4),  without  Vp,  formed  the  basis 
of  our  first  calculation  on  coldfusion  reaction  valleys,  which  was  later  optimized  by  adding 
the  requirements  of  smallest  interaction  barrier,  largest  interaction  radius  and  non-necked 
(no  saddle)  nuclear  shapes.  Non-necked  shapes  are  signatures  of  the  cold  fusion,  and  like 
the  necked-in  shapes  are  known  to  witness  the  preformation  of  fission  fragments. 
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For  cluster  radioactivity,  a  model  of  coupled  motion  in  R  and  r\  coordinates  is  developed 
by  Malik  and  Gupta  [17].  The  decay  constant  A  or  the  decay  half-life  Ti/2(=  In  2/A)  is 
calculated  as  the  product  of  cluster  preformation  probability  Po  (given  by  the  solution  of 
stationary  Schrodinger  equation  (3)),  the  barrier  impinging  frequency  (obtained  from 
the  Q -value  shared  between  two  fragments)  and  the  WKB  barrier  penetration  probability 
P: 


A  =  PqUqP. 


(5) 


Further  details  can  be  seen  in  [1]. 


3.  Applications 

The  QMFT  is  applied  very  successfully  to  many  heavy  ion  reactions,  the  predictions  of 
target-projectile  combinations  for  cold  synthesis  of  new  and  superheavy  elements,  the  fis¬ 
sion  data  and  the  exotic  cluster  decay  process.  In  fact,  both  the  phenomena  of  cold  fission 
and  cluster  radioactivity  were  predicted  on  the  basis  of  this  theory,  prior  to  their  experi¬ 
mental  observations,  and  the  idea  of  cold  fusion  (for  synthesis  of  new  elements)  was  first 
introduced  on  the  basis  of  this  theory.  The  success  of  experiments  in  proving  almost  all 
the  predictions  of  this  theory  are  reviewed  in  ref.  [1].  Here  we  discuss  only  one  new  result 
each  for  future  experiments. 


3.1  Coldfusion  studies 

Figure  1  shows  a  portion  of  the  nuclear  chart,  depicting  the  superheavy  elements  beyond 
Z  —  103,  and  the  cold  fusion  reactions  used.  It  is  creditable  to  mention  that  all  the  reactions 
underlined  in  this  figure  were  predicted  on  the  basis  of  the  QMFT  about  two  decades  back 
(see  figure  2,  only  the  even-even  elements  were  studied  [12]).  Thus,  the  road  to  the  centre 
of  island  of  stability  at  Z  —  114  seems  opened.  Two  important  points  may,  however,  be 
mentioned.  Firstly,  the  predicted  neutron  number  N  —  184  for  the  centre  of  island.  What 
we  have  observed  so  far  are  the  heavy  nuclei  in  continuation  of  our  earlier  known  chart 
of  nuclei,  near  the  /^-stability  line.  Therefore,  in  order  to  reach  the  real  island  of  stability 
predicted  at  Z  —  114,  N  —  184,  we  have  to  overshoot  it  by  means  of  radioactive  nuclear 
beams.  Secondly,  some  new  relativistic  mean  field  calculations  [13]  predict  Z  —  120, 
N  =  172  or  184  as  the  major  closed  shells  instead  of  Z  =  114,  N  =  184.  The  QMFT 
predicts  a  possible  synthesis  of  Z  —  120  element  by  a  cold  fusion  reaction  208Pb  4-  98 Sr. 
The  interesting  point  to  note  is  that  one  of  the  reaction  partners  for  cold  fusion  reactions  is 
always  the  closed  shell  nucleus  Pb. 


3.2  Cold  fission  studies 

The  QMFT  is  known  for  its  success  to  explain  the  symmetric  as  well  as  asymmetric 
mass  distributions  (the  single-,  double-  and  even  triple-humped  distributions),  including 
the  very-asymmetric  case  of  fission  valleys  at  large  77-values,  the  super-asymmetric  fis¬ 
sion  (an  equivalent  of  cluster  radioactivity),  the  charge  distributions  and  the  associated  fine 
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structure  in  them  leading  to  proton  odd-even  effect,  and  the  simultaneous  occurrence  of 
both  the  cold  and  normal  (hot)  fission  modes,  called  the  bi-modal  fission. 

Figure  3  illustrates  the  calculated  isotonic  and  isotopic  yields  for  fission  of  236U,  com¬ 
pared  with  the  experimental  data  [14].  Apparently,  the  calculations  give  experimental 


7*Ge+20#Pb  -*•  114? 


Figure  1.  Nuclear  chart  (upper  end  only),  along  with  the  cold  fusion  reactions  used  to 
produce  them  (based  on  Miinzenberg  and  Hofmann  in  [1]). 


Figure  2.  Calculated  potential  energy  surfaces  [12]  using  eq.  (4). 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


219 


Raj  K  Gupta 


Figure  3.  Percentage  isotonic  and  isotopic  yields  for  fission  of  U. 


Figure  4.  Fission  yields  of  252 Cf  [15].  The  experimental  data  is  old.  The  recently 
observed  peak  at 132  Sn  [16]  was  already  given  by  the  calculations. 
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results  exactly.  There  is  no  parameter  fitting  in  these  calculations.  Figure  4  gives  the 
calculated  fission  yields  for  252 Cf,  [15].  The  experimental  data  shown  is  the  old  data.  The 
interesting  result  of  this  calculation  is  the  appearance  of  a  shoulder  at  132  Sn,  not  there  in 
the  old  data.  This  new  mode  of  doubly  magic  132Sn  fragment  is  now  observed  recently  in 
the  cold  fission  of  252  Cf  [16].  Once  again  the  closed  shell  effects  (this  time  of 132  Sn)  came 
into  play  and  the  theory  preceded  the  experiments. 


3.3  Cluster  radioactivity 


One  of  the  important  results  of  cluster  radioactivity  is  that  daughter  nucleus  is  always  ob¬ 
served  to  be  the  magic  Pb  or  neighbouring  nucleus.  This  has  led  us  to  predict  the  100>132^n 
radioactivities  and  deformed  (Os  or  W)  daughter  radioactivities  (see  e.g.  Gupta  in  [1]). 
Table  1  presents  the  results  of  our  calculation,  based  on  the  PCM  of  [17],  for  249  Cf  parent 
for  which  some  preliminary  experiments  (Nice  University  preprint)  indicate  the  possibility 
of  41  Sc  cluster  emission.  Our  calculations  show  that  249Cf  is  not  a  very  good  parent  for 
exotic  cluster  decays. 

Table  1.  Calculated  cluster  decay  characteristics  of  249 Cf.  The  only  experimental 

information  is  the  cr-decay  half-life  log  TA  2  (Expt.)  =  10.04  s. 


Cluster 

Q-value 

(MeV) 

Preformation 

probability 

Po 

Penetrability 

probability 

P 

Decay 

constant 

A  (s'1) 

Half-life 

logi0T1/2 

(s) 

4  He 

6.30 

8.23  x  10~01 

1.51  x  10~29 

2.92  x  10-°8 

7.38 

14c 

25.79 

7.37  x  10-23 

3.51  x  10-43 

6.58  x  10-44 

43.02 

30Mg 

69.77 

5.51  x  1043 

2.41  x  10~38 

3.80  x  10“59 

58.26 

42S 

109.42 

2.07  x  10~34 

7.76  x  10~26 

4.84  x  lO'38 

37.16 

48Ca 

137.69 

9.88  x  10-37 

1.14  x  lO"22 

3.58  X  10~36 

36.29 

Cn 

O 

o 

136.69 

5.53  x  10~38 

2.08  x  10~23 

3.56  x  10~39 

38.29 

51  Ca 

135.53 

1.67  x  10"37 

3.56  x  10~24 

1.81  x  lO”40 

39.58 

52Ca 

132.66 

1.89  x  10~38 

2.87  X  10“26 

1.62  x  10~43 

42.63 

4.  Summary 

We  have  shown  that  the  quantum  mechanical  fragmentation  theory  gives  a  unified  descrip¬ 
tion  of  the  three  rare  processes,  the  cold  fusion,  cold  fission  and  exotic  cluster  decay  of 
nuclei.  The  unifying  result  is  the  closed  shell  effects  of  one  or  both  the  reaction  partners 
or  the  outgoing  fission  or  decay  products.  The  process  is  most  probable  as  cold  since  the 
shell  effects  are  operative  in  full.  As  the  system  is  heated,  shell  corrections  reduce,  so  does 
the  probability  of  their  production. 
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Abstract.  5-factors  for  direct  capture  reactions  can  be  found  at  astrophysical  energies  from  asymp¬ 
totic  normalization  coefficients  which  provide  the  normalization  of  the  tail  of  the  overlap  function. 

For  example  the  overlap  for  8B  — >  7Be  +  p  defines  the  5-factor  for  7Be  (p,  7)8B.  Peripheral  transfer 
reactions  offer  a  technique  to  determine  these  asymptotic  normalization  coefficients.  As  a  test  of  the 
technique,  the  160(3He,  d)17F  reaction  has  been  used  to  determine  asymptotic  normalization  coef¬ 
ficients  for  transitions  to  the  ground  and  first  excited  states  of  17F.  The  5-factors  for  160(p,7)17F 
calculated  from  these  17F  — »  ieO  +  p  asymptotic  normalization  coefficients  are  found  to  be  in  very 
good  agreement  with  recent  measurements.  Following  the  same  technique,  the  B(  Be,  B)  Be  and 
14N(7Be,  8B)13C  reactions  have  been  used  to  measure  the  asymptotic  normalization  coefficient  for 
7Be(p,  7)8B.  This  result  provides  an  indirect  determination  of  5i7(0). 

Keywords.  Nuclear  astrophysics;  5-factors. 

PACS  Nos  25.40.Lw;  21.10.Pc;  27.20.+n;  26.65.+t;  25.55.Hp;  26.20.+f 

1.  Introduction 

Nuclear  capture  reactions  such  as  (p,  7)  and  (a,  7),  play  a  major  role  in  defining  our  uni¬ 
verse.  Until  recently,  the  only  reliable  method  to  determine  a  reaction  rate  that  is  dominated 
by  direct  capture  has  been  to  measure  it  at  laboratory  energies  with  a  low  energy  particle 
beam  and  extrapolate  the  result  to  astrophysical  energies.  Often  the  reaction  of  interest 
involves  a  radioactive  target  which  makes  measurements  quite  difficult.  Hence  it  is  im¬ 
portant  to  develop  alternative  techniques  to  determine  rates.  Coulomb  dissociation  may 
provide  an  indirect  method  for  obtaining  this  information,  but  it  has  not  yet  been  subjected 
to  a  suitable  reliability  test. 

Direct  capture  reactions  of  astrophysical  interest  usually  involve  systems  where  the  bind¬ 
ing  energy  of  the  captured  proton  is  low.  Hence  at  stellar  energies,  the  capture  proceeds 
through  the  tail  of  the  nuclear  overlap  function.  The  shape  of  the  overlap  function  in  this 
tail  region  is  completely  determined  by  the  Coulomb  interaction,  so  the  amplitude  of  the 
overlap  function  alone  dictates  the  rate  of  the  capture  reaction.  The  7Be(p,  7)8B  reaction 
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is  an  excellent  example  of  such  a  direct  capture  process.  Indeed  recent  calculations  of  the 
normalization  constant  have  been  used  to  predict  the  capture  rate  [1,2].  But  new  measure¬ 
ments,  both  direct  and  indirect,  are  still  needed  as  was  underscored  in  a  recent  review  of 
stellar  reaction  rates  [3]  which  includes  a  detailed  discussion  of  the  uncertainties  in  our 
present  knowledge  of  Si 7(0)  and  its  importance  to  the  solar  neutrino  problem. 

The  asymptotic  normalization  coefficient  C  for  A  +  p  «-»  B  specifies  the  amplitude  of 
the  single-proton  tail  of  the  wave  function  for  nucleus  B  when  the  core  A  and  the  proton 
are  separated  by  a  distance  large  compared  to  the  nuclear  radius.  In  previous  communica¬ 
tions  [1,4],  we  have  pointed  out  that  astrophysical  S- factors  for  peripheral  direct  radiative 
capture  reactions  can  be  determined  through  measurements  of  asymptotic  normalization 
coefficients  (ANC)  using  traditional  nuclear  reactions  such  as  peripheral  nucleon  transfer. 
Direct  capture  S-factors  derived  with  this  technique  are  most  reliable  at  the  lowest  incident 
energies  in  the  capture  reaction,  precisely  where  capture  cross  sections  are  smallest  and 
most  difficult  to  measure  directly.  Of  course  it  is  extremely  important  to  test  the  reliability 
of  the  technique  in  order  to  know  the  precision  with  which  it  can  be  applied.  Determining 
the  5-factors  for  160(p,  7)17F  from  its  ANC’s  has  been  recognized  as  a  suitable  test  for 
this  method  [3]  because  the  results  can  be  compared  to  existing  direct  measurements  of 
the  cross  sections  [5,6].  Furthermore,  the  ieO(p,  7)17F  reaction  has  substantial  similarities 
to  the  7Be(p,  7)8B  reaction.  Below  we  briefly  discuss  the  results  of  a  measurement  of  the 
160(3He,d)17F  reaction  to  determine  the  ANC’s  for  the  ground  and  first  excited  states  in 
17F.  From  these  ANC’s  we  calculate  5-factors  for  160(p,  7)17F  and  compare  to  experi¬ 
mental  results.  We  then  discuss  our  measurement  of  the  10B(7Be,  8B)9Be  and  14N(7Be, 
8B)13C  reactions,  the  extraction  of  the  ANC’s  for  8B  — »  7Be  +  p  and  our  determination  of 

5i7(0). 


2.  A  test  case 

The  160(3He,  d)17F  reaction  was  measured  previously  at  a  beam  energy  E3He  —  25  MeV 
[7].  We  repeated  the  measurement  at  29.75  MeV  in  order  to  obtain  better  angular  coverage 
and  to  have  a  measurement  at  a  second  energy,  both  of  which  were  necessary  for  extracting 
reliable  ANC’s.  Data  at  laboratory  scattering  angles  between  6.5°  and  25°  were  obtained 
using  Si  solid  state  detectors  and  a  3 He  beam,  incident  on  a  134  /ig/cm2  Mylar  target,  from 
the  U-120M  isochronous  cyclotron  of  the  Nuclear  Physics  Institute  (NPI)  of  the  Czech 
Academy  of  Sciences.  Additional  data  at  laboratory  angles  between  1°  and  11°  were  ob¬ 
tained  using  the  MDM  magnetic  spectrometer  and  a  molecular  (3He  —  d)+  beam,  incident 
on  a  540  /zg/cm2  Mylar  target,  from  the  Texas  A&M  University  K500  superconducting  cy¬ 
clotron.  Absolute  cross  sections  were  determined  at  the  NPI  using  their  detection  system 
which  has  been  well  calibrated  for  (3He,  d)  reaction  studies.  The  data  obtained  at  Texas 
A&M  University  were  normalized  to  the  data  from  the  NPI  measurement  in  the  region 
where  the  two  data  sets  overlapped.  The  angular  distributions  for  the  combined  data  sets 
are  shown  in  figure  1.  More  details  of  the  experiments  can  be  found  in  [8]. 

For  a  peripheral  transfer  reaction,  ANC’s  are  extracted  from  the  angular  distributions  by 
comparison  to  a  DWBA  calculation.  Consider  the  proton  transfer  reaction  a  +  A  -»  c  +  B, 
where  a  =  c  4-  p  and  B  =  A  +  p.  The  experimental  cross  section  is  related  to  the  DWBA 
cross  section  according  to 

^  =  £(c&)2(<%)2*.  to 
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Figure  1.  Angular  distributions  for  the  ground  and  first  excited  states  of  17F  from 
the  0(  He,  d )  F  reaction.  The  curves  are  fits  from  DWBA  calculations  using  two 
different  optical  potential  sets. 


where 


R  = 


crDW 
h\Ph% ' 


(2) 


<jDW  is  the  calculated  DWBA  cross  section  and  the  6’s  are  the  asymptotic  normalization 
constants  for  the  single  particle  orbitals  used  in  the  DWBA.  The  sum  in  eq.  (1)  is  taken 
over  the  allowed  angular  momentum  couplings,  and  the  C' s  are  the  ANC’s  for  B  — >  A  +  p 
and  a  c  +  p.  The  normalization  of  the  DWBA  cross  section  by  the  ANC’s  for  the  single 
particle  orbitals  makes  the  extraction  of  the  ANC  for  B  — >  A+p  essentially  independent  of 
the  parameters  used  in  the  single  particle  potential  wells  (see  [9,10]  for  additional  details). 

The  DWBA  calculations  were  carried  out  with  the  finite  range  code  PTOLEMY  [11], 
using  the  full  transition  operator.  The  single  particle  orbitals  were  calculated  in  Woods- 
Saxon  potentials  with  ro  in  the  range  1.15-1.35  fm  and  ao  in  the  range  0.55-0.75  fm,  and 
indicated  that  the  calculated  DWBA  cross  sections  are  insensitive  to  assumptions  about  the 
17F  wave  functions  in  the  nuclear  interior.  A  range  of  optical  model  parameter  sets  were 
studied  for  both  the  entrance  and  exit  channels,  as  detailed  in  [8],  and  the  resulting  fits 
to  the  ground  and  excited  state  angular  distributions  using  two  different  combinations  of 
parameter  sets  are  shown  in  figure  1 .  Normalizing  the  DWBA  calculations  to  the  data  and 
dividing  by  the  ANC’s  for  the  single  particle  orbital  yields  the  product  of  the  ANC’s  for 
the  17F  -a  160  4-  p  and  3He  ->  d  +  p  systems.  Dividing  this  product  by  the  known  ANC 
for  3He  -»  d+p  [12,13]  provides  C 2  for  17F  — >•  160  +  p.  The  dominant  contribution  to 
the  uncertainties  is  due  to  the  variation  in  the  extracted  ANC’s  with  different  optical  model 
parameter  sets.  The  fits  shown  in  figure  1  are  for  the  two  combinations  of  parameter  sets 
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which  give  the  largest  variation  in  C 2 .  This  difference  was  used  to  obtain  the  uncertainty  in 
C 2  due  to  the  choice  of  optical  model  parameters.  Our  final  adopted  ANC  for  the  ground 
state  is  C 2  =  1.08  ±  0.10  fm_1.  The  uncertainty  includes  ±  4.8%  from  the  absolute 
normalization  and  angle  accuracies,  plus  the  statistics  of  the  fits,  and  ±  7.6%  associated 
with  the  choice  of  optical  model  parameters  and  single  particle  orbital.  Our  final  adopted 
ANC  is  C2  —  6490  ±  680  fm-1  for  the  excited  state.  The  corresponding  contributions  to 
its  uncertainty  are  ±5.4%  and  ±9.0%. 

The  relation  of  the  ANC’s  to  the  direct  capture  rate  at  low  energies  is  straightforward. 
The  cross  section  for  the  direct  capture  reaction  A  +  p  — »  B  ±  7  can  be  written  as 

<7  =  A|(/^(r)|d(r)|V><+)(r))|2,  (3) 

where  A  contains  kinematical  factors,  1%  is  the  overlap  function  for  B  — »  A  ±  p,  O  is  the 

electromagnetic  transition  operator,  and  is  the  scattering  wave  in  the  incident  channel. 
If  the  dominant  contribution  to  the  matrix  element  comes  from  outside  the  nuclear  radius, 
the  overlap  function  may  be  replaced  by 


cW-n,  <+1/2  (2«r) 
r 


where  C  defines  the  amplitude  of  the  tail  of  the  radial  overlap  function  ,  W  is  the 
Whittaker  function,  77  is  the  Coulomb  parameter  for  the  bound  state  B  =  A  ±  p,  and  n 


Figure  2.  A  comparison  of  the  experimental  5-factors  to  those  determined  from  the 
ANC’s  found  in  160(3He,  d)17F.  The  solid  data  points  are  from  [5],  and  the  open  boxes 
are  from  [6].  The  solid  lines  indicate  our  calculated  5-factors,  and  the  dashed  lines 
indicate  the  ±lcr  error  bands.  Note  that  the  experimental  ground  state  5-factor  may  be 
contaminated  by  background  [15]  at  energies  below  500  keV. 
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is  the  bound  state  wave  number.  For  160(p,  7)17F,  the  required  C's  are  just  the  ANC’s 
found  above  from  the  transfer  reaction.  Thus,  the  direct  capture  cross  sections  are  directly 
proportional  to  the  squares  of  these  ANC’s. 

Following  the  prescription  outlined  above,  the  5-factors  describing  the  capture  to  both 
the  ground  and  first  excited  states  for  160(p,  7)17F  were  calculated,  with  no  additional 
normalization  constants,  using  the  standard  definition  of  5  [14].  The  results  are  shown  in 
figure  2  compared  to  the  two  previous  measurements  of  160(p,  7)17F  [5,6].  Both  El  and 
E2  contributions  have  been  included  in  the  calculations,  but  the  El  components  dominate 
the  results.  The  theoretical  uncertainty  in  the  5-factors  is  less  than  2%  for  energies  below 
1  MeV.  Above  1  MeV  the  nuclear  interaction  begins  to  be  important  in  the  evaluation  of 
the  scattering  wave  function.  The  agreement  between  the  measured  5-factors  and  those 
calculated  from  our  17F  -»  160  +  p  ANC’s  is  quite  good,  especially  for  energies  below 
1  MeV  where  the  approximation  of  ignoring  contributions  from  the  nuclear  interior  should 
be  very  reliable  and  the  optical  potential  uncertainties  are  negligible.  Overall,  the  results 
verifying  the  technique  is  valid  for  determining  5-factors  to  accuracies  of  at  least  9%. 


3.  ANC  for  8B  7Be  +  p 

We  have  measured  the  (7Be,  8B)  reaction  on  a  1.7  mg/cm2  10B  target  and  a  1.5  mg/cm2 
Melamine  target  in  order  to  extract  the  ANC  for  8B  — >  7Be  +  p.  The  radioactive  7Be  beam 
was  produced  at  12  MeV/u  by  filtering  reaction  products  from  the  1H(7Li,  'Be)n  reaction 
in  the  recoil  spectrometer  MARS,  starting  with  a  primary  7Li  beam  at  18.6  MeV/A  from 
the  TAMU  K500  cyclotron.  The  beam  was  incident  on  an  H2  cryogenic  gas  target,  cooled 
by  LN2,  which  was  kept  at  1  atmosphere  (absolute)  pressure.  Reaction  products  were 
measured  by  5  cm  x  5  cm  Si  detector  telescopes  consisting  of  a  100  A E  strip  detector, 
with  16  position  sensitive  strips,  followed  by  a  1000  gm  E  counter.  Two  different  detector 
configurations  were  used  to  take  data.  In  one  mode,  two  detector  telescopes  were  mounted 
symmetrically  about  the  beam  axis  as  shown  in  figure  3.  The  angular  coverage  in  this  mode 
was  from  fa  4°  to  «  18.5°  in  the  laboratory  frame  for  each  telescope.  In  the  second  mode, 
a  single  detector  telescope  stack  was  placed  at  0°  and  the  beam  was  stopped  just  in  front  of 
the  A E  detector.  The  effective  angular  coverage  in  the  lab  for  this  mode  was  from  fa  3.8° 
to  fa  14°. 

A  single  1000  pm  Si  strip  detector  was  used  for  initial  beam  tuning.  This  detector, 
which  was  inserted  at  the  target  location,  allowed  us  to  optimize  the  beam  shape  and  to 
normalize  the  7 Be  flux  relative  to  a  Faraday  cup  that  measured  the  intensity  of  the  primary 
7Li  beam.  Following  optimization,  the  approximate  7 Be  beam  size  was  6  mm  x  3  mm 
(FWHM),  the  energy  spread  was  «  1.5  MeV,  the  full  angular  spread  was  A 0  fa  28  mrad 
and  A(f)  ta  62  mrad,  and  the  purity  was  >  99.5%  7Be  for  the  experiment  with  the  10B 
target.  The  beam  size  and  angular  spread  were  improved  for  the  experiment  with  the  14  N 
target  to  4  mm  x  3  mm  (FWHM),  A 6  fa  28  mrad  and  A 4>  fa  49  mrad.  Periodically  during 
the  data  acquisition,  the  beam  detector  was  inserted  to  check  the  stability  of  the  secondary 
beam  tune.  The  system  was  found  to  be  quite  stable  over  the  course  of  the  experiment  with 
maximum  changes  in  intensity  observed  to  be  less  than  5%.  The  typical  rate  for  7Be  was 
fa  1.5  kHz/pnA  of  primary  beam  on  the  production  target.  Primary  beam  intensities  of  up 
to  80  pnA  were  obtained  on  the  gas  cell  target  during  the  experiments. 

Preliminary  results  for  the  elastic  scattering  angular  distributions  from  the  two  targets 
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Figure  4.  Angular  distribution  for  elastic  scattering  from  the  10B  target.  The  curve  is 
from  optical  model  calculations  smoothed  over  the  angular  acceptance  of  each  bin. 

are  shown  in  figures  4  and  5.  For  the  10B  target,  the  elastic  scattering  yield  includes 
contributions  from  three  target  components,  B  (86%),  C  (10%)  and  O  (4%),  while  the 
Melamine  target  includes  N  (67%)  and  C  (28%).  A  Monte  Carlo  simulation  described 
below  was  used  to  generate  the  solid  angle  factor  for  each  angular  bin  and  the  smoothing 
needed  for  the  calculation  to  account  for  the  finite  angular  resolution  of  the  beam.  The 
absolute  cross  section  is  then  fixed  by  the  target  thickness,  number  of  incident  7 Be,  the 
yield  in  each  bin,  and  the  solid  angle.  The  curves  shown  with  the  elastic  scattering  were 
found  from  optical  model  calculations  described  below  by  adding  together  the  cross  section 
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Figure  5.  Angular  distribution  for  elastic  scattering  from  the  Melamine  target.  The 
curve  is  from  optical  model  calculations  smoothed  over  the  angular  acceptance  of  each 
bin. 

predictions  for  the  target  components  in  the  laboratory  frame  and  then  transforming  the 
result  to  the  center  of  mass  assuming  kinematics  appropriate  for  either  the  10 B  or  14N 
targets. 

The  8B  Q-value  spectra,  shown  in  figure  6,  were  obtained  by  assuming  either  a  10B(7Be, 
8B)9Be  or  14N(7Be,  8B)13C  reaction  and  correcting  the  8B  reaction  products  for  kinematic 
energy  shifts  as  a  function  of  scattering  angle.  In  the  case  of  the  10 B  target,  the  major  con¬ 
tributions  to  the  energy  resolution  seen  in  figure  6  are  the  beam  energy  spread,  the  target 
thickness  and  the  nonuniformity  of  the  target.  The  beam  energy  spread  and  differential 
energy  loss  in  the  target  dominated  the  energy  resolution  for  the  Melamine  target.  Since 
the  ground  state  of  9 Be  is  not  cleanly  separated  from  excited  states,  a  Monte  Carlo  simu¬ 
lation  of  the  experiment  has  been  used  to  fix  the  line  shape  and  determine  cross  sections. 
The  simulation,  which  is  fine  tuned  to  reproduce  the  measured  beam  properties  and  the 
resolution  observed  in  elastic  scattering,  includes  the  geometry  of  the  experimental  setup, 
reaction  kinematics,  nonuniform  energy  loss  in  the  target  and  the  size,  angular  spread  and 
energy  spread  of  the  beam.  The  beam  location  and  angle  at  the  target  are  determined  by 
symmetry  requirements  on  7 Be  elastic  scattering  data.  The  three  peaks  shown  in  figure 
6  for  the  10B  target  correspond  to  the  excitation  of  the  ground  and  second  excited  states 
of  9 Be  and  the  ground  state  of  15N  from  the  16 O  contamination  in  the  target.  They  were 
obtained  by  including  the  predicted  angular  distributions  for  the  states  in  the  Monte  Carlo 
simulation  and  then  extracting  the  associated  Q-value  spectrum.  The  normalization  of  the 
three  peaks  was  done  by  a  x2  minimization  to  the  data.  In  the  Melamine  case,  the  ground 
state  of  13C  is  cleanly  resolved  from  excited  states  making  the  normalization  of  the  Q-value 
spectrum  via  the  Monte  Carlo  simulation  straight  forward. 

The  ANC  for  8B  -*  7 Be  +  p  was  extracted  based  on  the  fit  to  the  Q-value  spectra  and 
the  ANCs  for  10B  — >  9Be  +p  [9]  and  14N  -»  13C  +p  [10]  following  the  procedure  outlined 
above  in  our  test  case.  Two  orbitals,  lpi/2  and  lp3/2,  contribute  to  the  transfer  reaction 
but  the  IP3/2  dominates  in  both  cases.  In  calculating  the  angular  distribution,  we  used 
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Figure  6.  Q-value  spectra  for  8B  reaction  products.  The  three  peaks  for  the  10B  target 
correspond  to  the  excitation  of  the  ground  state  and  second  excited  states  of  9 Be  and 
the  ground  state  in  15N  from  the  160  contamination  in  the  target.  Data  for  the  Melamine 
target  show  a  clear  isolation  of  the  ground  state  for  C. 


the  ratio  for  the  two  orbitals  as  given  by  a  microscopic  description  of  the  8B  ground  state 
[4].  No  optical  model  parameters  are  available  for  either  the  entrance  or  exit  channel  in 
this  reaction.  As  part  of  this  program,  we  have  obtained  elastic  scattering  data  on  several 
beam-target  combinations  in  this  mass  and  energy  range  and  have  been  developing  ap¬ 
propriate  optical  model  parameters  that  can  be  extended  to  7 Be  and  8B  projectiles  [16]. 
Consequently  we  have  chosen  parameters  obtained  from  renormalized  microscopic  fold¬ 
ing  potentials  using  the  JLM  effective  NN  interaction  [17].  The  surface  region  of  these 
folding  potentials  was  fit  with  volume  Woods-Saxon  forms  and  the  parameters  found  for 
the  entrance  (exit)  channel  for  the  10B  target  were  V  —  63.8(67.0)  MeV,  W  —  29.4(31.8) 
MeV,  Rv  =  3.18(3.18)  fm,  ay  =  0.85(0.876)  fm,  17/  =  3.49(3.54)  fm,  a7  =  0.95(0.99) 
fm.  The  corresponding  values  for  14N  were  V  =  79.1(85.2)  MeV,  W  =  36.0(39.3)  MeV, 
Rv  =  3.30(3.30)  fm,  av  =  0.88(0.91)  fm,  Rr  =  3.62(3.67)  fm,  aj  =  0.98(1.02)  fm. 
The  entrance  channel  parameters  were  the  same  as  those  used  in  calculating  the  elastic 
scattering  angular  distributions  for  7Be  on  10B  in  figure  4  and  on  14N  in  figure  5.  We  have 
checked  the  sensitivity  of  the  calculations  by  varying  the  normalization  parameter.  As  in 
previous  studies,  the  results  are  insensitive  to  bound  state  single  particle  well  parameters 
in  the  DWBA  calculations. 

Angular  distributions  for  the  (7Be,  8B)  reactions  populating  the  ground  states  of  9 Be 
and  13 C  were  extracted  using  the  same  procedure  as  for  the  elastic  scattering.  The  results 
are  compared  to  DWBA  calculations  in  figures  7  and  8.  The  normalization  factors  between 
the  data  and  calculations  were  obtained  from  the  fits  to  the  respective  Q-value  spectra. 

The  astrophysical  5-factor  for  7 Be  (p,  t)8B  has  been  determined  from  the  ANC  which 
includes  a  10%  uncertainty  for  optical  model  parameters,  a  1 1  %  uncertainty  for  experimen¬ 
tal  fits  and  normalization  of  the  absolute  cross  section  and  the  uncertainty  in  the  ANC’s  for 
10B  -»  9 Be  +  p  and  14 N  -»  13C  +  p.  The  relative  contribution  of  the  two  angular  momen¬ 
tum  couplings  to  the  5-factor  is  straightforward  to  calculate  and  introduces  a  negligible 
additional  uncertainty  in  our  result  [1,4].  The  preliminary  value  that  we  find  for  the  10B 
target  is  5i7(0)  =  17.2  ±  2.6  eV  b  and  18  d=  3  eV  b  for  the  14N  target  which  are  in  good 


230 


Pramana  -  J.  Phys.,  Vol.  53,  No.  3,  September  1999 


Astrophysical  S -factors 


Figure  7.  Angular  distribution  for  8B  populating  the  ground  state  of  9 Be  from  the  10B 
target.  The  curve  is  from  a  DWBA  calculation  smoothed  over  the  angular  acceptance 
of  each  bin. 


Figure  8.  Angular  distribution  for  8B  populating  the  ground  state  of  13C  from  the 
Melamine  target.  The  curve  is  from  a  DWBA  calculation  smoothed  over  the  angular 
acceptance  of  each  bin. 


agreement  with  the  recommended  value  of  191^  eV  b  [3].  The  simulation  for  the  14 N 
target  has  not  been  optimized  so  the  result  quoted  for  it  and  the  uncertainty  in  the  result  are 
very  preliminary. 

One  of  the  primary  sources  of  uncertainty  in  the  values  quoted  above  for  Si7(0)  is  the 
optical  model  parameters  that  are  used  to  predict  the  angular  distribution.  As  indicated, 
we  are  working  toward  a  set  of  global  optical  model  parameters  to  be  used  for  radioactive 
beams  in  this  mass  and  energy  region.  Once  this  is  complete,  the  calculations  will  be 
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redone  and  a  new  ANC  and  hence  £17(0)  will  be  determined.  The  ANC’s  for  10B  — >  9Be 
+  p  and  14N  — >  13C  +  p  represent  the  other  major  source  of  uncertainty.  Measurements 
of  these  ANC’s  have  been  carried  out  using  (3He,  d)  reactions  and  the  results  should  be 
forthcoming. 
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Abstract.  The  calculated  rate  of  events  in  some  of  the  existing  solar  neutrino  detectors  is  directly 
proportional  to  the  rate  of  the  7Be(p,7)8B  reaction  measured  in  the  laboratory  at  low  energies. 
However,  the  low-energy  cross  sections  of  this  reaction  are  quite  uncertain  as  various  measurements 
differ  from  each  other  by  3CM-0%.  The  Coulomb  dissociation  process  which  reverses  the  radiative 
capture  by  the  dissociation  of  8B  in  the  Coulomb  field  of  a  target,  provides  an  alternate  way  of 
accessing  this  reaction.  While  this  method  has  several  advantages  (like  large  breakup  cross  sections 
and  flexibility  in  the  kinematics),  the  difficulties  arise  from  the  possible  interference  by  the  nuclear 
interactions,  uncertainties  in  the  contributions  of  the  various  multipoles  and  the  higher  order  effects, 
which  should  be  considered  carefully.  We  review  the  progress  made  so  far  in  the  experimental 
measurements  and  theoretical  analysis  of  the  breakup  of  8B  and  discuss  the  current  status  of  the  low- 
energy  cross  sections  (or  the  astrophysical  5-factor)  of  the  7Be(p,  7)8B  reaction  extracted  therefrom. 
The  future  directions  of  the  experimental  and  theoretical  investigations  are  also  suggested. 

Keywords.  Coulomb  and  nuclear  breakup  of  8B;  radiative  capture  of  p  and  7 Be;  astrophysical  S- 
factors. 

PACS  Nos  25.70.De;  25.40.Lw;  96.60.Kx 


1.  Introduction 

The  8B  isotope  produced  in  the  Sun  via  the  radiative  capture  reaction  7Be(p,  7)8B  is  the 
principal  source  of  the  high  energy  neutrinos  detected  in  the  super-Kamiokande  (SK)  and 
37C1  detectors  [1].  In  fact  the  calculated  rate  of  events  in  SK  as  well  as  SNO  detectors  [3]  is 
directly  proportional  to  the  rate  of  this  reaction  measured  in  the  laboratory  at  low  energies 
(~  20  keV)  [3].  Unfortunately,  the  measured  cross  sections  (at  relative  energies  (Ecm)  of 
[p— 7Be]  >  200  keV)  disagree  in  absolute  magnitude  and  the  value  extracted  by  extrapolat¬ 
ing  the  data  in  the  region  of  20  keV  differ  from  each  other  by  30-40%.  This  makes  the  rate 
of  the  reaction  7Be(p,  7)8B  the  most  poorly  known  quantity  in  the  entire  nucleosynthesis 
chain  leading  to  the  formation  of  8B  [4].  It  may  be  noted  that  the  rate  of  the  7B e(p,  7)8B 
reaction  is  usually  given  in  terms  of  the  zero-energy  astrophysical  5-factor,  5i7(0). 
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The  Coulomb  dissociation  (CD)  method  provides  an  alternative  indirect  way  to  deter¬ 
mine  the  cross  sections  for  the  radiative  capture  reactions  at  low  energies  [5-9].  In  this 
procedure  it  is  assumed  that  the  break-up  reaction  a+Z->(b  +  x)  +  Z  proceeds  entirely 
via  the  electromagnetic  interaction;  the  two  nuclei  a  and  Z  do  not  interact  strongly.  By 
further  assuming  that  the  electromagnetic  excitation  process  is  of  first  order,  one  can  relate 
directly  (see  for  e.g.  refs  [5,6])  the  measured  cross-sections  of  this  reaction  to  those  of 
the  radiative  capture  reaction  b  +  x  -»  a  +  7.  Thus,  the  astrophysical  5-factors  of  the 
radiative  capture  processes  can  be  determined  from  the  study  of  break-up  reactions  under 
these  conditions. 

However,  in  the  CD  of  8B,  the  contributions  of  E2  and  M 1  multipolarities  can  be  dispro¬ 
portionately  enhanced  in  certain  kinematical  regimes  [10,11].  Furthermore,  interference 
from  the  nuclear  breakup  processes  may  also  be  considerable  in  some  regions.  Therefore, 
a  careful  investigation  [9,12]  is  necessary  to  isolate  the  conditions  in  which  these  terms 
have  negligible  effect  on  the  calculated  breakup  cross  sections. 

Motobayshi  et  al  [13]  have  performed  the  first  measurements  (to  be  referred  as 
RIKEN-I)  of  the  dissociation  of  8B  into  the  7 Be—  p  low  energy  continuum  in  the  field 
of  208 Pb  with  a  radioactive  8B  beam  of  46.5  MeV/nucleon  energy.  Assuming  a  pure  El 
excitation,  the  Monte  Carlo  simulation  of  their  data  predicts  a  5i7(0)  =  16.7  ±  3.2  eV 
bam,  which  is  considerably  lower  than  the  value  of  22.4  ±2.0  eV  barn  used  by  Bahcall 
and  Pinsonneault  [2]  in  their  standard  solar  model  (SSM)  calculations.  This  generated  a 
lot  of  interest  in  the  studies  of  the  breakup  reactions  of  8B.  Since,  under  the  kinematical 
conditions  of  the  RIKEN-I  experiment  the  E2  component  of  breakup  may  be  dispropor¬ 
tionately  enhanced,  attempts  were  made  to  determine  this  component  by  extending  the 
angular  range  of  the  measurements  in  the  RIKEN-I  data  in  a  repeat  experiment  [14]  (to 
be  referred  as  RIKEN-II)  to  larger  angles  which  are  expected  to  be  more  sensitive  to  this 
multipolarity.  On  the  other  hand,  measurements  of  the  breakup  of  8B  were  also  carried  out 
at  sub-Coulomb  beam  energies  [15]  where  E2  multipolarity  is  expected  to  dominate  ac¬ 
cording  to  the  semi-classical  theory  of  the  Coulomb  excitation  [16].  Measurements  of  the 
breakup  of  8B  have  also  been  performed  at  the  relativistic  energies  of  250  MeV/nucleon  at 
GSI,  Darmstadt. 

In  this  review,  we  present  the  latest  status  of  the  analysis  of  the  available  experimental 
data  on  the  breakup  of  8B  and  of  the  extracted  5i7  value  therefrom.  Results  obtained  from 
both  the  semiclassical  and  full  quantum  mechanical  calculations  are  discussed  in  the  next 
two  sections.  Conclusions  and  the  outlook  is  presented  in  §4. 

2.  Semiclassical  calculations 

2.1  RI KEN  data,  Ebeam  ~  50  MeV/nucleon 

An  analysis  of  the  RIKEN-I  data  was  presented  in  [7],  where  the  breakup  cross  sections  of 
8B  corresponding  to  El,  E2  and  M 1  multipolarities  were  calculated  within  a  semiclassical 
theory  of  Coulomb  excitation,  which  included  simultaneously  the  effects  of  Coulomb  re¬ 
coil  and  relativistic  retardation.  This  was  achieved  by  solving  the  general  classical  problem 
of  the  motion  of  two  relativistic  charged  particles  [17].  The  role  of  the  nuclear  excitations 
was  also  investigated  by  performing  full  quantum  mechanical  calculation  of  the  Coulomb, 
nuclear  as  well  as  of  their  interference  terms,  using  a  collective  model  prescription  for  the 
nuclear  form  factor.  It  was  found  that  nuclear  effects  modify  the  pure  Coulomb  amplitudes 
very  marginally  in  the  entire  kinematical  regime  of  the  RIKEN-I  data. 
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Figure  1.  Comparison  of  experimental  and  theoretical  Coulomb  dissociation  yields 
(cross  section  x  detector  efficiency)  as  a  function  of  0cm  for  the  Ecm  values  of  0.6  MeV, 
0.8  MeV  and  1.0  MeV.  Solid  lines  show  the  calculated  pure  El  Coulomb  dissociation 
cross  sections  obtained  with  best  fit  values  of  S  factors  as  discussed  in  the  text.  The 
dashed  and  dashed  dotted  curves  represent  the  sum  of  El,  E 2  and  Ml  contributions 
with  latter  two  components  calculated  with  capture  cross  sections  given  in  the  models 
of  TB  [18]  and  KPK  [19]  respectively.  The  experimental  data  is  taken  from  ref.  [13]. 


The  double  differential  cross-section  for  the  Coulomb  excitation  of  a  projectile  from  its 
ground  state  to  the  continuum,  with  a  definite  multipolarity  of  order  7tA  is  given  by  [5-7] 


d2cr 

dfldE7 


E 


1  A 

an  7 


(Ey), 


(1) 


where  a^x(Ey)  is  the  cross-section  for  the  photodisintegration  process  7+0  — >  b+x,  with 
photon  energy  i?7,  and  multipolarity  7 t  =  E  (electric)  or  M  (magnetic),  and  A  =  1,2,... 
(order),  which  is  related  to  that  of  the  radiative  capture  process  a(b  +  x  -»  a  +  7)  through 
the  theorem  of  detailed  balance.  In  terms  of  the  astrophysical  5-factor,  S(Ecm),  we  can 
write 

a(b  +  x  a  +  7)  =  exp(-27T77(£cm)),  (2) 

Ecm 

where  77  =  (Zt,Zxe2 /hv),  with  v,  Z5  and  Zx  being  the  relative  center  of  mass  velocity,  and 
charges  of  the  fragments  b  and  x  respectively. 

In  most  cases,  only  one  or  two  multipolarities  dominate  the  radiative  capture  as  well 
as  the  Coulomb  dissociation  cross  sections.  In  eq.  (1)  nn\(E1)  represents  the  number  of 
equivalent  (virtual)  photons  provided  by  the  Coulomb  field  of  the  target  to  the  projectile, 
which  is  calculated  by  the  method  discussed  in  refs  [7,17]  .  S(Ecm),  can  be  directly 
determined  from  the  measured  Coulomb  dissociation  cross-sections  using  eqs  (1)  and  (2). 
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In  figure  1 ,  we  show  the  comparison  of  the  calculated  [7]  Coulomb  dissociation  double 
differential  cross  sections  with  the  corresponding  data  of  ref.  [13]  as  a  function  of  the 
scattering  angle  6cm  of  the  excited  8  B  (center  of  mass  of  the  7Be+p  system)  for  three  values 
of  the  Ecm.  The  calculated  El,  E 2  and  Ml  cross  sections  are  folded  with  an  efficiency 
matrix  provided  to  us  by  the  RIKEN  group.  The  solid  lines  in  figure  1  show  the  calculated 
El  cross  sections  obtained  with  5-factors  (Sn)  that  provide  best  fit  to  the  data  (determined 
by  x2  minimization  procedure).  These  are  (17.58  ±  2.26)  eV  barn,  (14.07  ±  2.67)  eV  barn 
and  (15.59  ±  3.49)  eV  barn  at  Ecm  =  0.6  MeV,  0.8  MeV  and  1.0  MeV  respectively.  By 
using  a  direct  extrapolation  procedure,  the  best  fit  ‘E 1  only’  S17  factors,  give  a  617(C))  = 
(15.5  ±  2.80)  eV  barn. 

The  contributions  of  the  E 2  and  Ml  excitations  are  calculated  by  using  the  radia¬ 
tive  capture  cross  sections  <r(p+7Be— ^B-1-7),  given  by  the  models  of  Typel  and  Baur 
(TB)  [18]  and  Kim,  Park  and  Kim  (KPK)  [19].  We  have  used  as  input  the  corresponding  5 
factors  averaged  over  energy  bins  of  experimental  uncertainty  in  the  relative  energy  of  the 
fragments.  In  figure  1,  the  dashed  (dashed  dotted)  line  shows  the  El  (with  best  fit  617)  -f- 
E2  +  Ml  cross  sections,  with  E 2  and  M 1  components  calculated  with  TB  (KPK)  capture 
cross  sections.  It  is  clear  that  the  magnitude  of  the  E 2  contributions  to  the  RIKEN-I  data 
depend  significantly  on  the  nuclear  structure  model  used  to  calculate  the  corresponding 
capture  cross  sections,  and  it  is  difficult  to  draw  any  definite  conclusion  about  the  extent  of 
its  role  in  the  RIKEN-I  data  from  this  analysis.  The  M 1  component  contributes  insignifi¬ 
cantly  and  unlike  the  E 2  component  it  is  not  as  model  dependent. 

Since  at  larger  scattering  angles,  the  angular  distributions  of  the  Coulomb  breakup  of 
8B  are  expected  to  be  more  sensitive  to  the  E 2  component,  the  RIKEN  group  has  repeated 
their  experiment  [14]  where  the  angular  range  of  the  data  was  extended  up  to  9°.  In  fig¬ 
ure  2,  we  show  a  comparison  of  the  calculated  Coulomb  dissociation  cross  sections  for 
the  double  differential  cross  sections  with  the  RIKEN-II  data.  In  these  calculations  the 
capture  cross  sections  have  been  taken  from  Esbensen  and  Bertsch  [20],  which  predicts  a 
£17(0)  =  18.5  eV  barn.  Since  we  have  not  used  any  arbitrary  normalization  constant  in  the 
theoretical  calculations  shown  in  this  figure,  RIKEN-II  data  seems  to  be  consistent  with  a 
slightly  larger  value  of  617(0)  as  compared  to  RIKEN-I.  We  also  note  that  while  the  E2 
component  contributes  significantly  to  the  total  cross  sections  at  all  the  angles  in  the  energy 
bin  2000-2250  keV,  it  is  dominant  beyond  6°  in  the  lower  energy  range  of  Ecm  •  How¬ 
ever,  at  larger  angles  the  nuclear  breakup  effects  are  also  expected  to  be  more  important. 
Therefore,  it  would  be  necessary  to  include  these  effects  before  drawing  any  conclusion 
about  the  role  of  E2  multipolarity  in  this  data. 

In  ref.  [14],  an  analysis  of  the  data  was  performed  within  the  distorted  wave  Born- 
approximation  including  the  nuclear  effects,  where  it  was  concluded  that  the  E2  compo¬ 
nent  and  the  nuclear  breakup  effects  are  considerably  smaller.  However,  they  use  a  collec¬ 
tive  model  prescription  to  calculate  the  inelastic  nuclear  form  factor  (see  eg.  [7]).  Due  to 
a  long  tail  in  the  8B  g.s  wave  function  this  procedure  is  unlikely  to  be  accurate.  Further¬ 
more,  Coulomb  breakup  is  calculated  by  a  point-like  projectile  approximation  (PLPA)  in 
these  studies  (and  also  in  the  semiclassical  calculations  presented  above),  and  its  range  of 
validity  is  yet  to  be  determined  for  this  projectile. 

It  is  therefore,  necessary  to  perform  a  full  quantum  mechanical  analysis  of  the  RIKEN- 
II  data  in  order  to  check  the  validity  of  various  assumptions  of  the  Coulomb  dissociation 
method.  This  will  be  presented  in  §3. 
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Figure  2.  El  (dashed  line),  E 2  (dotted  line),  and  Ml  (dashed-dotted  line)  components 
of  the  Coulomb  dissociation  cross  section  edcr/dO  as  a  function  of  the  scattering  angle 
in  the  dissociation  of  8B  on  208 Pb  target  at  the  beam  energy  of  51.9  MeV/nucleon. 
The  solid  line  shows  their  sum.  Results  for  relative  energy  bins  of  (a)  500-750  keV, 
(b)  1250-1500  keV  and  (c)  2000-2250  keV  are  shown,  e  is  the  detector  efficiency.  The 
experimental  data  and  e  are  taken  from  ref.  [14]. 


2.2  Notre  Dame  data,  i^beam  —  25.8  MeV 

The  Notre  Dame  group  has  measured  the  breakup  of  8 B  on  the  58Ni  target  at  the  beam  en¬ 
ergy  of  25.8  MeV,  well  below  the  Coulomb  barrier,  where  the  E2  component  is  expected  to 
dominate  the  CD  process  [15].  However,  the  reliable  extraction  of  the  E 2  component  from 
this  data,  where  only  the  integrated  cross  section  of  the  7 Be  fragment  is  measured,  is  still 
doubtful.  The  analysis  of  the  data  reported  in  ref.  [15]  used  the  Alder-Winter’s  semiclas- 
sical  theory  of  Coulomb  excitation,  where  the  final  state  is  treated  as  a  two-body  system, 
thus  assuming  that  the  measured  angles  of  7 Be  were  equal  to  those  of  the  7Be-p  center 
of  mass.  The  inadequacy  of  this  assumption  has  been  demonstrated  in  [8].  Furthermore, 
the  total  breakup  cross  section  reported  in  this  experiment  could  not  be  reproduced  within 
the  Alder-Winther  theory  even  if  a  wide  variety  of  structure  models  of  8B  were  used  [21]. 
Therefore,  the  uncertainty  about  the  magnitude  of  the  E2  cross  section  calculated  with 
various  structure  models  of  8 B  is  not  eliminated  by  the  Notre  Dame  measurements  [15]. 

Furthermore,  the  importance  of  the  nuclear  breakup  effects  in  the  kinematical  regime  of 
the  Notre  Dame  experiment  has  been  emphasized  in  ref.  [22].  Therefore,  there  is  a  need  to 
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reanalyse  this  data  using  a  quantum  mechanical  theory  where  the  nuclear  excitations  and 
the  three-body  kinematics  are  taken  into  account. 

3.  Full  quantum  mechanical  calculations 

A  one-step  prior-form  DWBA  analysis  of  the  8B  breakup  data  has  been  reported  in  [9] 
at  both  low  and  high  energies  in  order  to  check  the  validity  of  various  assumptions  of 
the  Coulomb  dissociation  method.  The  breakup  process  is  described  as  a  single  proton 
excitation  of  the  projectile  from  its  ground  state  to  a  range  of  states  in  the  continuum, 
which  is  discretized  by  the  method  of  continuum  bins.  Excitations  to  states  corresponding 
to  the  relative  energy  (of  the  p— 7 Be  system)  up  to  3.0  MeV  and  relative  partial  waves 
up  to  3  have  been  taken  into  account.  The  point-like  projectile  approximation  as  well  as 
collective  model  prescription  for  the  nuclear  form  factor  have  been  avoided,  by  determining 
the  nuclear  and  Coulomb  parts  by  a  single-folding  method  where  the  relevant  fragment- 
target  interactions  are  folded  by  the  projectile  wave  functions  in  the  ground  and  continuum 
states. 


3.1  8B  breakup  at  ~  50  MeV,  R1 KEN  data 

In  figure  3a,  El  and  E2  components  of  the  angular  distributions  for  the  8B  +  208 pb  — >  8B* 
+  208  Pb  reaction  measured  by  the  Kikuchi  et  al  [14]  at  the  beam  energy  of  415  MeV  are 
shown,  for  the  pure  Coulomb  excitation  case.  The  dashed,  dotted  and  solid  lines  represent 
El,  E2  and  El  +  E 2  cross  sections  respectively  which  are  obtained  by  the  single-folding 
procedure.  Also  shown  in  this  figure  are  the  corresponding  results  obtained  by  PLPA 
(curves  with  solid  circles).  We  note  that  PLPA  becomes  inaccurate  beyond  4°  in  this 
case.  Moreover,  the  E 2  component  of  the  pure  Coulomb  excitation  becomes  increasingly 
important  also  after  this  angle. 

In  figure  3b,  the  cross  sections  obtained  by  summing  coherently  the  Coulomb  and  nu¬ 
clear  amplitudes  (to  be  referred  as  total  in  the  following)  are  shown.  The  dashed  and  dotted 
lines  show  the  dipole  and  quadrupole  cross  sections  respectively,  while  the  solid  line  rep¬ 
resents  their  sum.  It  can  be  noted  that  nuclear  effects  modify  the  pure  Coulomb  El  cross 
sections  substantially  after  ~  4°,  and  the  E 2  cross  sections  in  the  entire  angular  range. 
However,  since  the  E 2  components  are  quite  small  at  angles  <  4°,  the  difference  between 
pure  Coulomb  and  total  dipole  +  quadrupole  cross  sections  is  appreciable  only  after  this 
angle. 

Therefore,  at  RIKEN  energies,  the  PLPA  breaks  down  beyond  4°,  where  the  Coulomb- 
nuclear  interference  effects  as  well  as  the  quadrupole  component  of  breakup  is  substantial. 
Hence,  the  Coulomb  dissociation  method  as  used  in  ref.  [7]  to  extract  S17(0)  from  the 
measurements  of  the  angular  distributions  in  the  breakup  of  8  B  on  heavy  target  at  RIKEN 
energies  (~  50  MeV/nucleon),  is  reliable  only  when  data  is  taken  at  angles  below  4°. 

In  figure  4a,  b  and  c  the  comparison  of  calculations  [9]  for  e  •  dcr/d6  with  the  exper¬ 
imental  data  of  Kikuchi  et  al  [14]  is  shown  as  a  function  of  the  scattering  angle  #gB* 
of  the  excited  8B  (center  of  mass  of  the  7Be+p  system)  for  three  relative  energy  bins. 
The  efficiency  (e)  matrix  as  well  as  angular  and  energy  averaging  were  the  same  as  those 
discussed  in  ref.  [14].  The  dashed  and  dotted  lines  are  the  pure  Coulomb  EI+E2  and 
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Figure  3.  Angular  distribution  for  8B+208Pb  — >•  8B*(7Be+p)+  208Pb  reaction  at  the 
beam  energy  of  415  MeV.  (a)  Results  for  pure  Coulomb  excitation,  the  dashed  and 
dotted  curves  represent  the  El  and  E2  cross  sections  while  their  sum  is  depicted  by 
the  solid  line.  Also  shown  here  are  the  results  obtained  with  a  point-like  projectile 
approximation  (Alder-Winther  theory),  where  dashed  and  dotted  lines  with  solid  circles 
show  the  corresponding  El  and  E 2  cross  sections  while  the  solid  line  with  solid  circles 
represents  their  sum.  (b)  Coherent  sum  of  Coulomb  and  nuclear  excitation  calculations; 
the  dashed  and  dotted  lines  show  the  dipole  and  quadrupole  components  while  the  solid 
line  is  their  sum. 
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Figure  4.  Comparison  of  experimental  and  theoretical  cross  section  e  dcr/d#  as  a  func¬ 
tion  of  the  scattering  angle  0sB *  for  8B-f208Pb  ->  8B*(7Be-fp)+  208Pb  reaction  at  the 
beam  energy  of  415  MeV.  Results  for  three  relative  energy  bins  of  (a)  500-750  keV, 
(b)  1250-1500  keV,  (c)  2000-2250  keV  are  shown,  e  is  the  detector  efficiency.  Solid 
lines  show  the  calculated  total  Coulomb  plus  nuclear  dissociation  cross  sections  while 
the  dashed  lines  represents  the  corresponding  pure  Coulomb  dissociation  result.  Pure 
quadrupole  Coulomb  and  Coulomb  +  nuclear  cross  sections  are  shown  by  dotted  and 
dashed-dotted  lines.  The  experimental  data  and  the  detector  efficiencies  are  taken  from 
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E 2  cross  sections  respectively  while  the  solid  and  dashed  lines  are  the  corresponding  total 
cross  sections.  We  note  that  the  calculations  are  in  fair  agreement  with  the  experimental 
data.  No  arbitrary  normalization  constant  has  been  used  in  the  results  reported  in  this 
figure. 

The  quadrupole  component  of  breakup  is  significant  at  almost  all  the  angles  in  the  rel¬ 
ative  energy  bin  2.0-2.25  MeV  (c),  and  at  angles  beyond  5°  in  the  energy  bin  1.25-1.50 
MeV  (b).  On  the  other  hand,  its  contribution  is  inconsequential  in  the  energy  bin  0.5-0.75 
MeV  (a).  This  result  is  in  somewhat  disagreement  with  that  reported  in  ref.  [14],  where 
this  component  is  reported  to  be  small  everywhere  below  1.75  MeV  relative  energy.  Al¬ 
though  these  authors  also  perform  a  quantum  mechanical  calculation  within  DWBA,  their 
treatment  of  the  continuum  state  is  very  different  from  that  of  ref.  [9].  Moreover  they 
use  a  collective  model  prescription  for  the  Coulomb  and  nuclear  form  factors,  which  has 
a  limited  applicability  for  8B  breakup.  Bertulani  and  Gai  [12]  have  also  reported  smaller 
quadrupole  component  in  their  analysis  of  this  data.  These  authors  do  not  include  the  nu¬ 
clear  effects  in  the  El  excitations  and  make  use  of  the  eikonal  approximation  to  calculate 
the  quadrupole  nuclear  excitation  amplitudes.  Moreover,  the  Coulomb  excitation  ampli¬ 
tudes  have  been  calculated  with  the  PLPA  which  have  been  found  to  be  invalid  at  higher 
angles  (see  figure  3).  It  is  also  noted  in  figure  3  that  Coulomb-nuclear  interference  effects 
reduce  the  El  cross  sections  at  larger  angles. 

Some  authors  have  studied  the  importance  of  the  higher  order  effects  in  the  Coulomb 
breakup  of  8B  [24,25,20,26].  At  RIKEN  energies  these  effects  play  only  a  minor  role 
for  this  reaction  in  the  kinematical  regime  of  forward  angles  and  low  relative  ener¬ 
gies  [24,20,26].  Therefore,  the  conclusions  arrived  in  ref.  [9]  about  the  RIKEN  data  are 
unlikely  to  be  affected  much  by  the  higher  order  breakup  effects.  However,  the  multi-step 
breakup  could  play  an  important  role  at  Notre  Dame  energies,  which  is  discussed  in  [23]. 

3.2  8 B  breakup  at  sub-Coulomb  energies',  Notre  Dame  data 

In  figure  5a  and  b,  the  calculated  angular  distributions  [9]  of  7 Be  and  8B*  respectively  in 
a  8B  induced  breakup  reaction  on  58Ni  target  are  shown,  at  the  beam  energy  of  25.8  MeV. 
Pure  Coulomb  and  pure  nuclear  breakup  cross  sections  are  represented  by  the  dashed  and 
dashed-dotted  curves  respectively.  The  total  cross  sections  are  represented  by  the  solid 
lines.  In  these  calculations  also  the  procedure  of  single-folding  the  respective  fragment- 
target  interactions  with  8B  ground  and  continuum  state  wave  functions  have  been  used. 
One  can  see  that  the  angular  distributions  of  7 Be  and  8B*  are  distinctly  different  from  each 
other.  While  pure  Coulomb  and  total  breakup  cross  sections  show  a  forward  peak  in  case 
of  7 Be  (which  is  typical  of  the  angular  distribution  of  fragments  emitted  in  breakup  re¬ 
actions),  those  of  8B*  tend  to  zero  as  angle  goes  to  zero.  The  latter  is  the  manifestation 
of  the  adiabatic  cut-off  typical  of  the  Coulomb-excitation  process.  In  both  the  cases  the 
nuclear  effects  are  small  below  20°  and  there  is  a  Coulomb-nuclear  interference  minimum 
between  25°-60°.  However  the  magnitude  of  various  cross  sections  are  smaller  in  fig¬ 
ure  5a.  Furthermore,  the  nuclear-dominated  peak  occurs  at  different  angles  in  figures  5a 
(~  55°)  and  5b  (~  70°).  As  discussed  in  [8],  the  angles  of  7Be  can  be  related  to  those  of 
8B*.  A  given  9^Be  gets  contributions  from  a  range  of  generally  larger  0gB. .  This  could 
explain  the  shifting  of  the  peaks  of  various  curves  to  lower  angles  in  figure  5a  as  com¬ 
pared  to  the  corresponding  ones  in  figure  5b.  This  underlines  the  importance  of  three-body 
kinematics  in  describing  the  inclusive  breakup  reactions. 
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Figure  5.  (a)  Angular  distribution  of  the  7  Be  fragment  emitted  in  the  breakup  reaction 
of  SB  on  58Ni  target  at  the  beam  energy  of  25.8  MeV.  The  dashed  and  dashed-dotted 
lines  show  the  pure  Coulomb  and  pure  nuclear  breakup  cross  sections  respectively  while 
their  coherent  some  is  represented  by  the  solid  line,  (b)  Angular  distribution  of  8B*  in 
the  Coulomb  excitation  of  8B  on  58Ni  at  the  beam  energy  of  25.8  MeV.  The  dashed 
and  dashed-dotted  lines  show  the  cross  sections  for  pure  Coulomb  and  pure  nuclear 
excitation  respectively,  while  the  solid  line  represents  their  coherent  sum. 

The  ratio  of  the  experimental  integrated  breakup  cross  section  of  7 Be  (obtained  by  in¬ 
tegrating  the  breakup  yields  in  the  angular  range,  (45  ±  6)°,  of  the  experimental  setup)  to 
Rutherford  elastic  scattering  of  8B  is  reported  to  be  (8.1  ±  0.8^0  5)  x  10~3  [15].  It  is  not 
possible  to  get  this  cross  section  by  directly  integrating  the  angular  distributions  shown  in 
figure  4b  in  this  angular  range  as  the  corresponding  angles  belong  to  8B*  and  not  to  7Be. 
However,  in  the  three-body  case  (figure  5a),  this  can  be  done  in  a  straight-forward  way. 
This  gives  a  value  of  7.0  x  10~3  which  is  in  close  agreement  with  the  experimental  data. 
Thus,  previous  failures  to  explain  the  experimental  value  may  be  attributed  to  the  neglect 
of  both  the  Coulomb-nuclear  interference  effects  and  the  three-body  kinematics. 

In  figure  6,  the  range  of  the  validity  of  the  point-like  projectile  approximation  (PLPA) 
and  the  role  of  the  Coulomb-nuclear  interference  effects  on  the  cross  sections  of  dipole  and 
quadrupole  components  is  investigated.  In  figure  6a  the  results  for  pure  Coulomb  breakup 
are  shown.  Dipole  and  quadrupole  components  of  the  cross  section  obtained  by  the  single¬ 
folding  procedure  are  shown  by  solid  and  dashed  lines  respectively,  while  those  obtained 
with  the  PLPA  by  solid  and  dashed  lines  with  solid  circles.  It  can  be  noted  that  PLPA  is 
not  valid  for  angles  beyond  20°.  The  condition  that  the  impact  parameter  of  the  collision 
is  larger  than  the  sum  of  the  projectile  and  target  radii  (b  >  Ra  +  Rt),  assumed  in  applying 
the  Alder-Winther  theory,  is  no  longer  valid  because  there  is  a  long  tail  in  the  8B  ground 
state  wave  function.  We  also  note  that  the  quadrupole  component  is  affected  more  by  the 
PLPA  as  compared  to  the  dipole.  The  big  difference  in  the  dipole  and  quadrupole  cross 
sections  seen  in  the  PLPA  results  beyond  20°  (where  the  quadrupole  component  is  much 
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Figure  6.  Dipole  (solid  lines)  and  quadrupole  (dashed  lines)  components  of  the  angular 
distributions  of  the  Be  fragment  emitted  in  the  breakup  reaction  of  B  on  Ni  target  at 
the  beam  energy  of  25.8  MeV.  (a)  Pure  Coulomb  breakup;  also  shown  here  are  the  El 
(solid  lines  with  solid  circles)  and  E2  (dashed  lines  with  solid  circles)  cross  sections  ob¬ 
tained  with  point-like  projectile  and  target  approximation  (Alder-Winther  theory),  (b) 
pure  nuclear  breakup  and  (c)  Coulomb  plus  nuclear  breakup  where  the  corresponding 
amplitudes  are  coherently  summed. 

bigger  than  the  dipole),  almost  disappears  in  the  corresponding  cross  sections  obtained  by 
single-folding  procedure.  Nevertheless,  the  quadrupole  cross  sections  still  remain  larger 
than  those  of  the  dipole  beyond  30°  in  the  latter  case. 

In  connection  with  PLPA,  it  should  be  made  clear  that  p  +  target  and  the  7 Be  +  target 
potentials  do  take  into  account  the  finite  size  of  the  7 Be  and  target  nuclei.  This  effect, 
however,  is  only  important  when  two  nuclei  are  very  close  to  each  other  and  is  masked  by 
the  nuclear  effects  which  would  be  important  at  those  impact  parameters. 

Dipole  and  quadrupole  cross  sections  for  pure  nuclear  breakup  are  shown  in  figure  6b. 
The  cross  sections  obtained  by  summing  coherently  the  amplitudes  of  El  and  E2  compo¬ 
nents  of  pure  Coulomb  and  pure  nuclear  breakup  are  shown  in  figure  6c.  We  notice  that 
the  Coulomb-nuclear  interference  effects  make  the  contributions  of  the  dipole  component 
of  the  total  cross  section  larger  than  those  of  quadrupole  one  at  all  the  angles.  This  result 
is  quite  remarkable  as  it  implies  that  the  E 2  component  of  the  total  break  up  cross  section 
in  the  8B  induced  reaction  on  58  Ni  target  is  not  dominant  even  at  the  sub-Coulomb  beam 
energies.  Therefore,  there  is  hardly  any  hope  of  determining  the  E 2  component  of  8B 
breakup  by  Notre  Dame  type  of  experiment  [15]. 

This  underlines  the  need  for  more  refined  experiments  to  determine  the  E 2  component. 
It  is  clear  from  figure  6c  that  the  measurements  of  the  angular  distributions  may  provide 
useful  information  about  the  E 2  component  as  it  is  different  from  that  of  the  El  multipo¬ 
larity.  On  the  other  hand,  the  angular  distributions  of  the  fragments,  calculated  within  a 
semiclassical  theory  without  making  the  approximation  of  isotropic  angular  distributions  in 
the  projectile  rest  frame,  have  been  shown  to  have  large  E1-E2  interference  effects  [20]. 
They  lead  to  asymmetries  in  the  momentum  distributions  of  the  fragments,  whose  mea¬ 
surements  may  enable  one  to  put  constraints  on  the  E 2  component  [27].  However,  for 
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better  accuracy  of  this  method,  improved  calculations  including  the  nuclear  effects  may  be 
necessary. 

These  results  for  the  nuclear  effects  in  the  angular  distribution  of  8B*  are  approximately 
similar  to  those  reported  in  [28],  where  Coulomb  and  nuclear  form  factors  are  calculated 
by  folding  the  proton-target  mean-field  (parameterized  by  a  Woods-Saxon  function)  by  the 
ground  and  discretized  continuum  state  8B  wave  functions.  These  authors  calculate  various 
cross  sections  by  integrating  a  fixed  projectile-target  optical  potential  along  a  semiclassical 
trajectory.  However,  since  the  three-body  kinematics  for  the  final  state  has  not  been  con¬ 
sidered  by  them,  a  direct  comparison  between  their  calculations  and  the  data  of  [15]  is  not 
possible. 

4.  Summary  and  conclusions 

The  Coulomb  dissociation  method  provides  a  useful  tool  to  calculate  the  cross  sections 
of  the  difficult-to-measure  time-reversed  processes  (i.e.  radiative  capture  reactions)  of 
astrophysical  interest.  Application  of  this  method  in  determining  the  low-energy  cross 
sections  of  the  7Be(p,  7)8B,  which  is  of  considerable  interest  in  the  context  of  the  solar 
neutrino  problem,  has  yielded  some  interesting  results  since  the  first  pioneering  experi¬ 
ment  performed  at  RIKEN  on  the  8B  +  208 Pb  — >  SB*  +  208 Pb  at  beam  energies  around 
50  MeV/nucleon.  Detailed  theoretical  analysis  (within  the  one-step  distorted  wave  Born 
approximation)  reveal  that  RIKEN-I  and  RIKEN-II  data  are  almost  free  from  the  nuclear 
effects  and  are  dominated  by  the  El  component  for  7Be-p  relative  energies  <  0.75  MeV 
at  very  forward  angles  (<  4°).  The  study  of  the  breakup  of  8B  in  this  kinematical  regime 
is,  therefore,  better  suited  for  the  extraction  of  a  reliable  £17(0)  for  the  capture  reaction 
7B e(p,  7)8B  at  low  relative  energies. 

For  the  breakup  reaction  at  low  energy  the  Coulomb-nuclear  interference  effects  are 
quite  important.  A  very  striking  feature  of  this  effect  is  that  it  makes  the  El  component 
of  the  total  cross  section  of  the  breakup  reaction  8B  +  58Ni  — >•  7Be  +X  (at  the  beam 
energy  of  25.8  MeV),  larger  than  the  corresponding  E2  component  at  all  the  angles.  This 
renders  untenable  the  main  objective  of  the  Notre  Dame  experiment  of  determining  the 
E2  component  in  the  breakup  of  8B  at  low  beam  energies.  The  dominance  of  the  E 2 
component  for  this  reaction  at  this  energy,  seen  in  the  semi-classical  Alder-Winther  theory 
of  Coulomb  excitation  has  led  to  this  expectation.  However,  we  note  that  even  in  pure 
Coulomb  dissociation  process,  with  finite  size  of  the  projectile  taken  into  account,  the  E 2 
components  is  almost  equal  to  that  of  El  in  the  relevant  angular  range. 

It  can  be  said  that  the  feasibility  of  the  Coulomb  dissociation  method  in  determining  the 
517(0)  from  the  breakup  reactions  of  8B  has  been  established  by  identifying  the  kinemat¬ 
ical  regime  where  the  assumptions  of  this  method  are  well  fulfilled.  We  now  have  all  the 
theoretical  tools  to  analyse  such  experiments,  and  it  may  soon  become  possible  to  extract 
a  reliable  value  of  Sn  by  means  of  the  Coulomb  dissociation  method. 
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Abstract.  This  paper  will  review  the  dramatic  increase  in  our  knowledge  of  one  and  two  proton 
unbound  nuclei  [1]  such  as  recoil  decay  tagging  [2]  are  revealing  unique  insights  into  the  structure  of 
nuclei  beyond  the  proton  drip-line.  These  studies  of  excited  states  provide  complementary  informa¬ 
tion  to  proton  radioactivity  studies,  particularly  regarding  the  role  of  deformation  [3].  Radioactive 
beams  are  being  used  to  study  two-proton  unbound  resonances  and  to  study  explosive  nuclear  astro- 
physical  reactions  in  the  region  of  the  proton  drip-line. 

Keywords.  Proton  drip-line;  recoil  decay  tagging;  one  and  two  proton  emission;  radioactive  beams; 
nuclear  astrophysics. 
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Abstract.  Two  experimental  methods  of  measuring  masses  of  exotic  nuclei  in  the  storage  ring  ESR 
are  presented.  Bismuth  and  nickel  fragments  were  produced  via  projectile  fragmentation,  separated 
and  investigated  with  the  combination  of  the  fragment  separator  FRS  and  the  ESR:  (i)  Direct  mass 
measurements  of  relativistic  projectile  fragments  were  performed  using  Schottky  mass  spectrometry 
(SMS),  i.e.,  exotic  nuclei  were  stored  and  cooled  in  the  ESR.  Applying  electron  cooling,  the  relative 
velocity  spread  of  circulating  low  intensity  beams  can  be  reduced  below  10~6.  Under  this  condition 
a  mass  resolving  power  of  up  tom/ Am  =  6.5  *  105  (FWHM)  was  achieved  in  a  recent  measurement. 
Previously  unknown  masses  of  more  than  100  neutron-deficient  isotopes  have  been  measured  in  the 
range  of  60  <  Z  <  84.  Using  known  Qa  values  the  area  of  known  masses  could  be  extended  to 
more  exotic  nuclei  and  to  higher  proton  numbers.  The  results  are  compared  with  mass  models  and 
extrapolations  of  experimental  values.  In  a  second  experiment  with  209  Bi  projectiles  the  area  of  the 
measured  masses  was  extended  to  lower  proton  numbers.  Due  to  various  improvements  at  the  ESR 
the  precision  of  the  measurements  could  be  raised,  (ii)  Exotic  nuclei  with  half-lives  shorter  than  the 
time  needed  for  SMS  (present  limit:  Ti/2  «  5  sec)  can  be  investigated  by  time-of-flight  measure¬ 
ments  whereby  the  ESR  is  operated  in  the  isochronous  mode.  This  novel  experimental  technique 
has  been  successfully  applied  in  first  measurements  with  nickel  and  neon  fragments  where  a  mass 

resolving  power  of  m/  Am  =  1.5  •  105  (FWHM)  was  achieved. 
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1.  Introduction 

The  mass  of  a  nucleus  is  its  most  fundamental  property  as  it  reflects  all  forces  between  the 
nucleons.  By  now  only  1600  atomic  masses  are  known  whereas  the  existence  of  more  than 
2500  nuclei  is  established.  Nuclei  with  known  masses  can  be  found  in  or  near  the  valley  of 
/^-stability  (see  figure  1). 

However,  the  study  of  masses  far  off  stability,  where  nuclear  models  have  large  uncer¬ 
tainties,  will  contribute  more  to  an  improved  knowledge  of  nuclear  binding  and  structure. 
Here  the  masses  of  nuclei  are  most  important  for  the  understanding  of  astrophysical  pro¬ 
cesses  (r-,  s-,  rp-path).  Recent  review  articles  [1-3]  present  the  progress  of  atomic  mass 
measurements. 

The  unique  combination  of  the  fragment  separator  FRS  [4]  and  the  experimental  storage 
ring  ESR  [5]  gives  excellent  conditions  to  perform  mass  measurements  of  relativistic  exotic 
nuclei.  We  performed  measurements  on  the  neutron  deficient  part  of  the  lead  region  [6,7]. 
This  area  was  mainly  chosen  due  to  the  possiblity  to  connect  members  of  a-chains  linked 
by  precise  Qa  values  to  the  backbone  of  known  masses  [6]  in  order  to  cover  nuclei  at  the 
proton  dripline.  Another  motivation  was  to  measure  masses  of  refractory  elements  (72  < 
Z  <  78)  which  cannot  be  produced  by  ISOL-techniques.  Including  a-chains  we  were 
able  to  cover  a  large  number  of  elements  reaching  from  proton  numbers  of  about  60  up  to 
uranium.  An  overview  of  the  mass  surface  covered  by  our  mass  measurements  with  209 Bi 
projectiles  is  shown  in  figure  2.  The  isotopes  with  known  masses  before  our  experiments 
as  well  as  those  which  were  measured  in  1995  and  1997  for  the  first  time  are  indicated  in 
the  chart  of  nuclides  6.  In  the  experiment  performed  in  1997  we  extended  the  measured 


Figure  1.  Chart  of  nuclei  showing  known  and  unknown  masses  up  to  Z  =  94. 
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Figure  2.  Range  of  FRS-ESR  mass  measurements  covered  in  experiments  with  209 Bi 
projectile  fragments  in  1995  and  1997.  In  the  latter  experiment  we  extended  the  mea¬ 
sured  mass  surface  down  to  cesium  and  also  to  neutron-rich  fragments  near  the  shell 
closures  at  Z  =  82  and  N  =  126.  The  marked  areas  of  our  studies  represent  the 
previously  unknown  masses  only  [7]. 

mass  surface  to  smaller  Z  values  down  to  tin  and  also  to  neutron-rich  fragments  near  the 
shell  closures  at  Z  =  82  and  N  =  126. 


2.  Two  ways  of  mass  measurements  at  the  SIS-FRS-ESR  facility 

Stable  beams  of  relativistic  heavy  ions  provided  by  the  synchrotron  SIS  [8]  are  converted 
into  exotic  nuclei  by  nuclear  collisions  in  the  production  target  at  the  entrance  of  the  spec¬ 
trometer  FRS.  The  FRS  [9]  separates  the  fragments  in  flight  and  injects  them  into  the  ESR 
for  precise  mass  determination,  performed  by  measuring  the  revolution  frequency  of  the 
stored  ions.  The  ESR  is  equipped  with  an  electron  cooler  [10]  and  can  store  ions  in  the 
range  of  (0.5  <  Bp  <  10)  Tm  .  The  storage  time  of  the  circulating  nuclei  (rst)  is  limited 
by  atomic  collisions  with  atoms  of  the  residual  gas  (pressure  <  10“ 10  mbar)  and  with  the 
electrons  of  the  cooler.  rst  can  range  from  hours  up  to  days  depending  on  the  velocity 
and  the  charge  state  of  the  stored  ions.  The  phase-space  density  of  the  stored  ions  can  be 
drastically  reduced  by  electron  cooling,  e.g.,  the  relative  velocity  spread  of  a  low-intensity 
cooled  beam  can  be  less  than  10“6. 

Two  methods  are  employed  to  perform  precise  mass  measurements  of  stored  ions  circu¬ 
lating  in  the  ESR:  (i)  Mass  spectrometry  using  cooled  ion  beams  [6,11].  (ii)  Mass  spec¬ 
trometry  of  hot  fragments  operating  the  ESR  in  the  isochronous  mode.  Both  principles 
can  be  easily  understood  by  the  first-order  relation  between  the  mass  m,  the  revolution 
frequency  /,  and  the  velocity  v  (see  figure  3). 
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SCHOTTKY  MASS  SPECTROMETRY  MULTI-TURN  MASS  MEASUREMENTS  ISOCHRONOUS 


Figure  3.  The  mass  resolution  in  a  storage  ring  is  given  by  the  precision  achieved 
for  the  frequency  and  velocity  determination.  7  is  the  relativistic  Lorentz-factor  and  7 1 
represents  the  reduced  transition  energy  which  characterizes  the  ion-optical  mode  of  the 
ring.  From  this  formula  it  is  obvious  that  either  cooling  Av/v  — >  0  or  the  isochronous 
condition,  7  — >•  7 1,  are  the  basis  of  precise  mass  measurements. 


3.  Schottky  mass  measurements  with  cooled  fragments 

A  production  target  of  8  g/cm2  beryllium  was  placed  at  the  entrance  of  the  FRS.  The  target 
was  especially  chosen  to  inject  a  large  number  of  elements  and  isotopes  at  the  same  time 
in  the  ESR.  The  incident  energy  was  930  MeV/u  in  the  case  of  209Bi  and  750  MeV/u  in 
the  case  of  58Ni-projectiles.  These  energies  were  selected  to  operate  the  electron  cooler  in 
the  range  of  200  kV  for  the  terminal  voltage.  The  fragments  were  separated  with  the  FRS 
by  pure  magnetic  rigidity  (Bp)  analysis  during  the  major  part  of  the  mass  measurements. 
In  this  case  up  to  60  different  fragments  were  injected  into  the  ESR  by  a  single  bunch  of 
projectiles  from  SIS.  In  the  ESR  the  ions  were  stored  and  cooled  and  detected  via  Schottky 
spectrometry. 

Schottky  spectroscopy  is  a  widely  used  tool  for  beam  diagnosis  in  circular  accelerators 
and  storage  rings.  The  induced  signals  of  the  stored  circulating  ions  in  non-destructive 
Schottky  noise-pickups  (see  left  part  of  figure  3)  are  recorded  and  analysed. 

Already  in  our  pilot  experiments  with  cooled  projectile  fragments  [4,12]  we  have  ap¬ 
plied  Schottky  diagnostics  and  since  then  we  have  gradually  developed  this  technique  for 
the  requirements  of  precision  mass  spectrometry  [6,13,11].  The  stored  and  cooled  ions 
circulate  in  the  ESR  with  revolution  frequencies  of  about  1.9  MHz.  In  the  experiments 
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we  used  the  Schottky-noise  signal  of  the  16th  and  the  32nd  harmonic  of  the  revolution 
frequencies.  This  high-frequency  band  has  to  be  reduced  by  an  admixture  of  an  external 
oscillator  frequency  to  match  the  working  range  of  100  kHz  of  the  Fourier- analyser  system. 
A  data-acquisition  system  digitizes  the  Schottky  signals  with  a  sampling  rate  of  256  kHz. 
The  frequency  bandwidth  of  100  kHz  covers  most  of  the  Bp  acceptance  of  the  stored  beam 
in  the  ESR.  The  energy  of  our  secondary  beams  (Esec  «  350  MeV)  allowed  an  optimum 
performance  of  the  electron  cooler  and,  in  addition,  presented  the  opportunity  to  measure 
the  masses  of  bismuth  fragments  in  bare,  H-like,  and  He-like  charge  states.  The  mass 
measurement  in  different  charge  states  yields  not  only  redundant  data  for  the  same  isotope, 
but  is  also  an  excellent  feature  for  the  calibration:  Exotic  neutron  deficient  nuclei  having 
small  magnetic  rigidities  and  unknown  masses  appear  in  the  Schottky  spectra  e.g.  in  He- 
like  charge  states  in  the  neighborhood  of  isotopes  with  known  masses  in  bare  charge  states 
located  nearer  to  the  [3  stability-line.  The  uncertainty  of  the  rest  mass  of  the  electron  and 
its  binding  energies  are  known  with  an  error  which  is  completely  negligible  compared  to 
our  present  errors  for  the  nuclear  masses  [6]  being  in  the  order  of  10-6. 


3.1  Results  of  the  first  Schottky  mass  measurements  with  bismuth-projectiles 

After  having  demonstrated  that  the  results  obtained  with  our  novel  experimental  methods 
for  direct  mass  measurements  agree  well  with  already  known  light  masses  [4,12],  a  large 
number  of  isotopes  with  unknown  masses  has  been  measured  (figure  4). 

The  masses  were  evaluated  by  application  of  a  maximum  likelihood  method.  The  rela¬ 
tion  of  the  mass-over-charge  ratio  as  a  function  of  the  revolution  frequency  was  fitted  by 
a  first-order  polynomial  connecting  the  known  masses  as  references  [14].  The  unknown 
masses  were  determined  by  searching  the  maximum  of  the  probability  density  for  all  data. 
The  total  error  of  the  new  masses  is  in  the  range  of  100  to  200  keV,  where  a  systematic 
error  of  about  95  keV  has  been  included.  The  systematic  error  has  been  evaluated  by  a 
comparison  with  previously  well-known  masses.  The  good  accuracy  of  our  measured  data 
is  a  solid  basis  for  a  better  understanding  of  nuclear  forces. 

Figure  4  shows  one  proton  separation  energies  for  nuclei  in  the  sub-uranium  region. 
For  several  elements  (Bi  to  Pa)  we  can  derive  mass  values  for  nuclei  with  negative  proton 
separation  energies,  i.e.  the  proton  dripline  could  be  located  here.  For  other  nuclei  (Au  to 
Ho)  the  location  of  the  dripline  can  now  be  interpolated  more  precisely.  The  fact  that  we  did 
not  derive  negative  proton  separation  energies  for  even  nuclei  shows  that  the  proton  pairing 
energy  plays  an  important  role  for  dripline  nuclei.  Figure  5  shows  that  the  proton  pairing 
energy  increases  in  direction  towards  the  dripline.  It  is  also  worthwhile  to  mention  that 
some  of  the  neutron  deficient  mercury  isotopes  show  an  increase  in  their  pairing  energies 
compared  to  the  neighboring  isotopes  (see  also  figure  4:  large  odd-even  staggering  for 
these  isotopes).  This  may  be  an  indication  for  shape  coexistence  in  these  nuclei  [16]. 

In  the  last  decades  a  large  number  of  mass  models  have  been  proposed  and  devel¬ 
oped  [15].  They  are  based  on  different  assumptions  and  can  roughly  be  divided  into  three 
categories.  They  belong  either  to  pure  microscopic  models,  which  start  from  the  nucleon- 
nucleon  interaction,  or  they  belong  to  the  macroscopic-microscopic  models  which  use  the 
liquid  drop  model  with  shell  corrections  or  they  are  based  on  special  mass  relations  com¬ 
bining  the  masses  for  adjacent  nuclei.  Here  it  is  only  the  intention  to  give  representative 
examples  of  different  approaches  to  mass  formulae.  The  most  crucial  test  for  the  reliability 
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of  a  mass  model  is  its  predictive  capability  in  new  regions  that  were  not  considered  when 
the  theory  was  formulated. 


140  150  160  170  180  190  200  210  220  230 

Mass  Number 


Figure  4.  One  proton  separation  energies  for  even  (upper  panel)  and  odd  (lower  panel) 
proton  numbers.  Masses  derived  from  measurements  at  GSI  are  marked  by  a  filled 
symbol. 
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Ap  (Z,A)  =±  (m(Z-1  ,A-1 )  -  2m(Z,A)  +  m(Z+1  ,A+1 ))  c2/2 
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Figure  5.  Proton  pairing  energies  for  even-even  nuclei.  The  strength  of  the  proton 
pairing  energy  Ap  is  given  by  the  color  of  the  squares  representing  one  nucleus  and  the 
error  cr( Ap)  is  given  by  the  size  of  the  squares.  Masses  derived  from  measurements  at 
GSI  are  marked  with  a  frame.  The  formula  used  is  not  valid  to  show  pairing  energies 
for  the  lead  isotopes,  as  it  also  exhibits  the  larger  shell  effect  here. 


Table  1.  Mass  models  compared  to  our  measured  data  (previously  unknown  values 

A 

only).  A  x  -test  (eq.(l))  and  a  root  mean  square  deviation  (eq.(2))  from  our  data  were 
calculated  to  compare  with  various  types  of  models. 


Mass  formula 

Category 

x2 

^rms 

Aboussir,  Pearson  et  al  [17] 

microscopic  (global) 

60.5 

773 

Duflo-Zucker  [181 

microscopic  (global) 

42.0 

650 

Moller-Nix  [19] 

macro-microscopic 

40.3 

644 

Spanier-Johansson  [20] 

liquid  drop  with  corn 
(global) 

contributions  (local) 

143.5 

1190 

Janecke-Masson  [21] 

mass  relations  (local) 

20.5 

467 

Audi-Wapstra  et  al  [14] 

least-squares  adjustment 

1.8 

137 

Using  our  new  mass  values  we  can  check  the  predictive  power  of  various  mass  formulae 
tested  by  the  following  x2 -criterion. 

2  1  Y"  Q4xp  -  Mth)j 

*  n  —  1  "  (A  Mexp)?  ’  (1) 

where  n  is  the  number  of  the  compared  nuclei.  Mexp  and  Mt h  represent  the  measured 
masses  and  the  theoretically  determined  masses  respectively. 
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To  compare  a  model  to  experimental  data  disregarding  error  bars  the  classical  rms  devi¬ 
ation  is  used: 

oLb  =  (2) 

It  JL 

i=i 

Table  1  shows  various  mass  models  and  mass  extrapolations  including  their  predictive 
power  for  our  193  previously  unknown  masses  according  to  eqs  (1)  and  (2).  One  may 
easily  see  from  table  1  that  these  mass  models  do  not  predict  new  masses  with  a  precision 
needed  for  a  good  understanding  of  the  mass  surface  and  to  accurately  predict  the  positions 
of  driplines.  The  extrapolations  of  Audi  and  Waptsra  [14]  however  give  a  satisfactory  result 
for  our  recently  measured  masses. 


3.2  Experimental  improvements  for  Schottky  mass  measurements 

A  number  of  important  improvements  could  be  achieved  in  our  recent  experiment  in  1997. 
The  performance  of  the  ESR  cooler  was  considerably  improved  yielding  a  much  stronger 
cooling  force  and  better  stability  which  led  to  shorter  cooling  times  and,  therefore,  gave 
access  to  isotopes  with  shorter  half-lives.  The  maximum  voltage  of  the  cooler  could  also 
be  improved  so  that  we  were  able  to  access  nuclei  with  lower  proton  numbers  compared  to 
the  1995  measurements  using  the  same  projectile.  Furthermore,  a  better  stabilization  of  the 
power  supplies  and  an  improved  magnetic  field  homogeneity  of  the  ESR  magnets  helped 
to  significantly  improve  the  resolving  power  in  the  mass  spectra. 

In  figure  6  we  present  Schottky  frequency  spectra  for  bismuth  and  nickel  fragments 
characterized  by  a  mass  resolving  power  of  6.5  •  105  which  is  about  a  factor  of  two  better 
than  in  our  experiment  performed  in  1995  [6].  It  should  be  mentioned  that  the  half-life 


Figure  6.  Mass  resolved  Schottky  frequency  spectra  of  bare  449,mSc  ions  (ground  and 
isomeric  states  separated  by  271  keV,  left  panel)  of  bare  1519>mEr  ions  (ground  and 
isomeric  states  separated  by  2585  keV,  right  panel)  [7]. 
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of  neutral  151mEr  atoms  is  0.58  s,  however,  in  our  case  with  bare  nuclei  the  half-life  is 
prolonged  by  roughly  a  factor  of  21.  In  the  experiment  performed  in  1997  we  used  )8Ni 
and  209  Bi  projectiles  and  set  the  magnetic  fields  of  the  FRS  and  ESR  and  the  cooler  voltage 
corresponding  to  a  constant  Bp  value  of  6.5  Tm.  The  advantage  of  this  procedure  was  that 
we  only  had  to  adjust  the  ESR  once  to  the  FRS  which  turned  out  to  be  a  crucial  part  in  the 
measurements  performed  in  1995.  The  scaling  of  the  incident  energy  (750-900  MeV/u) 
was  a  faster  procedure  to  fill  the  ESR  with  the  desired  exotic  nuclei. 

A  new  data  acquisition  system  was  taken  into  operation  which  represented  further  ex¬ 
perimental  improvements.  The  digitized  signals  of  the  Schottky  pick-up  were  sequentially 
recorded  on  tape  giving  a  time  stamp  of  every  event.  Fast  Fourier  transformation  of  this 
time-correlated  data  can  be  performed  off-line  in  order  to  obtain  the  revolution  frequencies 
of  the  stored  ions  as  weli  as  the  half-life  information  of  the  radioactive  species.  Further¬ 
more,  time-drifts  of  the  experimental  conditions  can  be  corrected  in  the  off-line  analysis. 


4.  Isochronous  mass  measurements  with  projectile  fragments 

There  are  still  regions  on  the  chart  of  nuclei  where  Schottky  mass  spectrometry  can  still 
contribute  to  an  improved  knowledge  of  nuclear  masses  using  e.g.  stochastic  cooling  [22], 
but  the  most  exotic  nuclei  have  too  short  half-lives  for  this  experimental  technique.  Exotic 
nuclei  with  half-lives  shorter  than  the  time  needed  for  cooling  and  recording  can  be  investi¬ 
gated  by  time-of-flight  techniques  in  the  ESR.  Here  the  ESR  is  operated  in  the  isochronous 
mode  [23,24].  In  this  case,  the  magnetic  fields  of  the  ESR  are  set  such  that  the  revolution 
frequency  of  an  ion  species  becomes  independent  of  its  velocity  spread  (see  right  panel  of 
figure  3).  This  novel  experimental  technique  has  been  successfully  applied  in  first  mea¬ 
surements  with  nickel  [24]  and  neon  fragments.  The  ESR  lattice  was  tuned  to  7*=1. 37 
corresponding  to  a  kinetic  energy  of  345  MeV/u  for  the  stored  ions.  7*  is  mainly  deter¬ 
mined  by  the  dispersion  function  inside  the  dipole  magnets.  First  frequency  spectra  were 
recorded  in  the  isochronous  mode  using  projectile  fragments  created  by  a  58 Ni  beam.  The 
relative  velocity  spread  of  these  stored  ions  was  about  10-3.  Although  the  momentum 
acceptance  inside  the  ESR  is  strongly  reduced  in  the  isochronous  mode,  as  compared  to 
the  standard  operation,  the  measured  m/q  acceptance  still  reached  1.2%.  Already  in  this 
pilot  experiment  we  achieved  a  remarkable  mass  resolving  power  of  m/ Am  =  1.5  •  105 
(FWHM)  as  demonstrated  by  resolving  56Ni  and  52Fe  fragments  (see  [7]).  Mass  uncertain¬ 
ties  for  nickel-fragments  were  found  to  be  in  the  order  of  30-60  keV.  In  another  experiment 
with  a  22Ne-beam  cooling  was  applied  in  addition  to  measure  the  revolution  frequency  of 
the  fragments  circulating  in  the  isochronous  lattice  of  the  ESR.  As  a  consequence  very 
small  linewidths  of  the  frequency  peaks  were  derived  which  led  to  mass  accuracies  below 
10  keV  for  Ne-fragments.  Applying  cooling  to  isochronous  beams  gives  the  possibility  to 
nicely  map  7*  as  a  function  of  the  pathlength.  It  was  found  that  a  linear  mass  calibration 
can  be  used  over  a  large  frequency  range.  In  the  off-line  analysis  the  measured  depen¬ 
dence  of  the  frequency  on  the  velocity  could  be  well  understood  and  was  reproduced  by 
ion-optical  model  calculations.  New  ion-optical  calculations  suggest  strong  improvements 
for  the  isochronous  mode  which  will  be  tested  in  coming  experiments  [25].  For  the  future 
it  is  planned  to  perform  direct  mass  measurements  of  238 U  fission  fragments  (T\/2  <  1  s) 
using  the  isochronous  method. 
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Abstract.  The  dinuclear  system  concept  of  complete  fusion  of  nuclei  has  been  applied  to  the  anal¬ 
ysis  of  superheavy  elements  synthesis.  The  optimal  excitation  energy  of  compound  nuclei  and  pro¬ 
duction  cross  sections  in  the  cold  synthesis  of  heavy  elements  with  charge  Z  —  102  —  112  have  been 
calculated.  The  possibility  of  synthesizing  the  element  with  magic  number  Z  —  114  in  cold  and  hot 
fusion  reactions  has  been  considered. 
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1.  Introduction 

The  application  of  heavy  ions  of  large  mass  is  necessary  for  the  decision  of  problems  of 
the  synthesis  of  new  elements.  Especially  important  in  planning  the  experiments  on  the 
synthesis  of  new  elements  is  to  know  the  cross  section  of  complete  fusion.  The  cross 
sections  of  complete  fusion  in  reactions  with  heavy  ions  up  to  values  Zv  •  Zt  —  1600  are 
well  described  by  the  existing  theoretical  models.  For  Zv  •  Zt  >  1600  values  the  cross 
section  of  complete  fusion  dramatically  fell. 

There  are  different  models  for  the  description  of  complete  fusion  of  massive  nuclei. 
Most  popular  of  them  is  the  macroscopic  dynamical  model  of  Swiatecki  [1].  However,  a  lot 
of  experimental  data  for  reactions  of  cold  synthesis  cannot  be  explained  even  qualitatively 
within  the  framework  of  this  model.  For  instance,  new  elements  with  Z  —  107  —  112  were 
produced  in  GSI  using  targets  close  to  Pb  (see,  for  example,  ref.  [2]).  In  these  reactions  the 
maxima  of  the  excitation  functions  for  the  evaporation  of  one  neutron  lie  below  the  Bass 
barrier.  Complete  fusion  for  these  reactions  in  framework  MDM  required  a  large  excess 
(several  tens  of  MeV)  of  the  collision  kinetic  energy  above  the  entrance  Coulomb  barrier 
J5Bass.  In  Japan,  an  approach  is  being  developed  on  the  basis  of  the  fluctuation-dissipation 
model  (see,  for  example  ref.  [3]),  for  the  description  of  the  fusion  of  heavy  symmetric 
systems  leading  to  the  formation  of  transfermium  nuclei.  Estimation  of  the  formation 
cross  sections  of  SHE  in  standard  statistical  model  taking  into  account  the  limitations  on 
fusion  from  empirical  systematics  were  made  in  ref.  [4]. 
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In  all  listed  models,  as  it  seems,  there  is  no  systematic  comparison  with  the  existing 
experimental  data.  Such  a  comparison  could  give  significant  weight  to  the  theoretical 
predictions.  In  FLNR  (JINR)  a  new  approach  has  been  developed  for  the  description  of 
complete  fusion  of  massive  nuclei  based  on  dinuclear  system  (DNS)  concept  [6].  In  the 
present  work  an  attempt  is  undertaken  to  describe  the  existing  data  on  cold  synthesis  of 
new  elements  on  the  basis  of  the  DNS  concept.  We  analysed  various  (‘cold’  and  ‘hot’) 
reactions  leading  to  the  synthesis  of  the  new  element  with  charge  number  1 14. 


2.  Description  of  the  theoretical  approach 

2.7  Basic  assumptions  of  the  DNS-concept 

The  motivation  of  the  DNS-concept  and  its  comparison  with  MDM  have  already  been 
presented  in  [5,6].  Therefore,  here  we  point  out  only  the  basic  assumptions  used  in  the 
analysis  of  the  SHE-synthesis  reactions.  According  to  the  DNS-concept  the  complete  fu¬ 
sion  process  proceeds  in  the  following  way.  On  the  capture  stage,  after  full  dissipation 
of  the  collision  kinetic  energy,  a  dinuclear  system  is  being  formed  (well  known  from  deep 
inelastic  transfer  reactions).  Complete  fusion  is  an  evolution  process  in  which  the  nucleons 
of  one  nucleus  sequentially  are  transferred  to  the  second  nucleus.  The  main  characteristic 
of  the  DNS,  determining  its  evolution,  is  the  potential  energy  of  the  system  V(Z,L),  which 
calculated  according  to  the  equation: 

V(Z,L)  =  Bx  +  B2  +  V (R*,L)  -  [SCN  +  V™(R*,L)],  (1) 

where  B\,  B2  and  Bqn  are  the  nuclear  binding  energies  of  the  DNS  nuclei  and  the  com¬ 
pound  nucleus,  and  Z  is  the  atomic  number  of  one  of  the  nuclei  in  the  DNS,  L  is  the  spin 
of  the  system.  The  value  of  V (Z,  L)  was  normalized  to  the  energy  of  rotating  compound 
nucleus  by  77cn  +  CrotN(-R*>  L).  The  nucleus-nucleus  potential  V ( R ,  L)  incorporates  the 
nuclear,  Coulomb  and  centrifugal  potentials: 

V(R,L)  =  Vn(R)  +  Vc(R)  +  Vrot(R,L)t  (2) 

where  R  is  the  distance  between  the  centers  of  the  nuclei  in  the  DNS. 

In  calculating  V(R,  L),  the  DNS  was  assumed  to  have  the  shape  of  two  slightly  over¬ 
lapping  nuclei.  R *  is  the  value  of  R,  at  which  the  DNS  is  to  be  found  at  the  bottom  of  the 
‘pocket’  in  the  potential  V(R,  L).  The  nuclear  potential  Vn(R)  was  calculated  using  the 
double  folding  method  (see  details  in  ref.  [7]).  The  centrifugal  potential  was  calculated  for 
the  case  of  the  rigid  rotor  moment  of  inertia. 


2.2  Peculiarities  in  the  complete  fusion  of  two  massive  nuclei  within  the  DNS  concept 

Figure  1  presents  the  potential  energy  of  the  DNS,  curve  V(Z,L  —  0)  exhibits  two 
minima:  the  first  one  Z  —  0  corresponding  to  complete  fusion  and  the  second  one 
Z  —  Zqn/2  =  (Zp  +  Zt)/ 2  corresponding  to  the  formation  of  a  symmetric  DNS.  During 
the  evolution  DNS  can  decay  into  two  nuclei,  viz.  quasi-fission  takes  place. 
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Figure  1.  Schematic  illustration  of  driving  potential  as  a  function  of  atomic  number  of 
the  DNS  nuclei.  The  possible  moving  of  DNS  and  reaction  input  point  are  indicated 
with  arrows. 


The  synthesis  of  super  heavy  elements  (SHE)  is  usually  performed  at  projectile  energies 
leading  to  excitation  energies  of  the  compound  nucleus  as  low  as  possible.  This  ensures 
higher  survival  probability  of  the  compound  nucleus  during  its  deexcitation.  As  can  be 
seen  from  figure  1,  the  main  ‘heating’  of  the  compound  nucleus  takes  place  during  the 
descent  of  the  DNS  from  the  BG  point.  It  is  at  this  evolution  stage  that  the  greater  part  of 
the  system’s  potential  energy  is  transformed  into  thermal  excitation.  However,  whether  the 
DNS  will  reach  the  state  of  a  compound  nucleus  or  will  undergo  quasi-fission  is  determined 
already  when  approaching  the  BG  point.  At  the  same  time,  exactly  at  this  evolution  stage 
the  DNS  excitation  energy  is  lowest.  Thus,  one  can  say  that  during  the  most  important  step 
to  complete  fusion,  the  DNS  is  in  a  cold  state.  This  peculiarity  in  the  evolution  of  the  DNS 
in  SHE-synthesis  reactions  required  using  real  masses  in  calculating  the  potential  energy 
V(Z,  L)  in  eq.  (1).  The  deformation  of  the  DNS  nuclei  formed  during  its  evolution  to  the 
compound  nucleus  was  taken  into  consideration.  The  deformation  of  the  heavy  nucleus 
was  taken  in  the  ground  state,  the  deformation  of  the  light  nucleus  -  in  the  2+  state. 

If  the  injection  point  of  the  reaction  is  situated  to  the  right  of  the  maximum  in 
V(Z:L  —  0)  (the  Businaro-Gallone  (BG)  point),  the  initial  DNS  may  follow  either  of 
the  two  possible  evolution  paths:  to  a  larger  or  smaller  charge  asymmetry.  On  the  contrary, 
on  the  way  to  the  compound  nucleus  the  DNS  has  to  overcome  the  potential  barrier,  £?f*us, 
which  is  equal  to  the  difference  in  V (Z,  L )  at  the  BG  point  and  at  the  injection  point  of 
the  reaction.  The  appearance  of  the  inner  fusion  barrier  T?f*us  [6]  is  due  to  the  endother¬ 
mic  character  of  the  process  of  nucleon  rearrangement  in  the  massive  DNS,  which  leads 
the  system  in  the  direction  of  the  compound  nucleus.  The  energy  necessary  for  this  rear¬ 
rangement  is  supplied  from  the  DNS  excitation  energy  E.  The  formation  of  the  compound 
nucleus  is  not  possible,  if  the  DNS  excitation  energy  is  less  than  the  value  of  Z?f*us. 
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2.3  Optimal  energy  for  synthesis  of  SHE 

Figure  2  demonstrates  excitation  energies  at  maximum  of  experimental  and  theoretical 
excitation  functions  of  compound  nuclei  of  elements  with  charge  numbers  Z  from  102- 
114  produced  in  cold  fusion  (HI, In)  reactions.  The  curve  indicates  the  value  CN) 
calculated  on  the  Bass  barrier  [9].  From  figure  2  one  can  see  that  our  calculated  values  of 
E{n  are  close  to  the  experimental  data. 


2.4  The  role  of  quasi-fission  in  the  reactions  of  synthesis  of  SHE:  Competition  between 
complete  fusion  and  quasi-fission 

Another  important  characteristic  of  the  fusion  of  massive  nuclei,  which  manifests  itself 
only  in  the  DNS-concept,  is  the  competition  between  complete  fusion  and  quasi-fission. 
Due  to  the  statistical  character  of  the  exchange  of  nucleons  between  the  DNS  nuclei,  a 
certain  probability  exists  that  either  the  system  reaches  and  overcomes  the  BG  point,  which 
leads  to  the  formation  of  a  compound  nucleus,  or  the  dinuclear  system  decay  into  two 
nuclei  (undergoes  quasi-fission).  The  more  symmetric  the  reaction,  the  higher  the  inner 
fusion  barrier  Bfus  which  has  to  be  overcome  by  the  DNS  on  its  way  to  the  compound 
nucleus  and,  also,  the  stronger  is  the  quasi-fission  channel. 

In  most  known  models  of  the  complete  fusion  of  nuclei,  the  formation  cross  section  of 
compound  nuclei  crfus  is  not  different  from  the  capture  cross  section  oc.  In  our  approach 
the  fusion  cross  section  (jfus  is  a  part  of  the  capture  cross  section  crc 

icr 

crfus  =  •  Pcn  =  ttAq  ^(2/  +  1)T(Z,  Ecm)  •  Pcn •  (3) 

1=0 

Here  Ao  is  the  de  Broglie  wavelength  of  the  relative  motion  of  interacting  nuclei,  Ecm  is  the 
bombarding  energy  in  the  center-of-mass  system,  T(Z,  Ecm)  is  the  penetration  coefficient 
of  the  Ith  partial  wave  through  the  potential  barrier.  T(l,Ecm)  is  approximated  by  the 


Figure  2.  Excitation  energies  at  the  maxynum  of  the  excitation  functions  of  (HI, In) 
reactions  leading  to  nuclei  with  Z  =  102-114,  o  -  theoretical  (see  table  1)  and  •  - 
experimental  data  [8]. 
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Table  1.  Results  of  our  calculations  for  cold  fusion  reactions.  The  references 
on  experimental  values  for  reactions  with  Zqn  =  104-112  (see  in  Review  [2] 
and  references  therein). 


Reactions 

£t*h 

/?* 

^exp 

Fcn 

crth 
al  n 

exp 

aln 

Ref. 

MeV 

MeV 

mb 

mb 

48Ca+208Pb  = 

256102 

15.6 

16.0 

2.9  • 

IO"1 

5.8  •  10"4 

(i.3±g;t)io-4 

[20] 

48Ca+206Pb  = 

254102 

16.1 

24.0 

3.3  • 

10"1 

1.9  •  10"4 

(6.0±i§)10-5 

[21] 

50Tj  +  208pb  _ 

258 104 

15.2 

15.0 

7-7  • 

10~2 

2.8  •  10~5 

(l.0t°;^)l0-5 

[2] 

50Ti+209Bj  _ 

259 105 

14.7 

15.0 

7.9  • 

10~3 

2.1  •  10~6 

(4.5±°;®)l(r6 

[2] 

54Cr+208pb  _ 

262 106 

14.5 

15.0 

5.5  • 

10~4 

3.4  •  10-7 

(5.0^J4)10-7 

[2] 

54Cr+ 209Bi  = 

263107 

14.4 

3.2  • 

10~4 

1.6  •  IO"7 

(2.0t\i)W-7 

[2] 

58pe+208pb  _ 

266 108 

12.9 

14.0 

8.8  • 

10~5 

1.3  •  IO"7 

(6.7^;”)10-8 

[2] 

58pe+209Bi  _ 

267 109 

14.0 

14.0 

2.9  • 

10~5 

1.8  •  10~8 

(7.5i|;")io-9 

[2] 

62Ni+208pb  _ 

27O110 

13.9 

13.8 

7.7- 

10“6 

5.5  •  10~9 

(3.5l7;7)l0-9 

[2] 

64Ni+208Pb  = 

272110 

13.1 

12.2 

2.5  • 

10~5 

2.4  •  10~8 

(l-5±g;®)10-8 

[2] 

64Ni+209Bi  = 

273  111 

13.2 

13.5 

1.4  • 

10~5 

1.2  •  10~8 

(3.5l42j)10-9 

[2] 

70Zn+ 208Pb  = 

278 112 

11.8 

10.0 

7.3  • 

10~6 

1.4  •  10~9 

(1-01J;?)10-9 

[2] 

68Zn+208Pb  = 

276 112 

12.3 

10-12 

1.4  • 

10~5 

2.2  •  10~9 

<  1.3  •  10~9 

[2] 

70Zn+209Bi  = 

279 113 

12.7 

10-12 

1.3  • 

10~6 

6.4  •  10~10 

<  6.0  •  IO"10 

[22] 

68Zn+209Bi  = 

277 113 

12.8 

2.6  • 

10“6 

1.1  •  10"9 

76Ge+208Pb  = 

284114 

10.8 

3.3  • 

10~8 

1.2  •  10~10 

74Ge+ 208Pb  = 

282 1 14 

10.8 

1.1  • 

lO"7 

1.2  •  IO"10 

72Ge+208Pb  = 

280 114 

11.6 

3.5  • 

io-7 

9.5  •  10"11 

70Ge+208Pb  = 

278114 

12.4 

3.8  • 

10~7 

1.9  •  10“n 

Figure  3.  Probability  of  compound  nucleus  formation  for  different  reactions  as  a  func¬ 
tion  of  the  fissility  parameter  xmeAn.  Solid  squares  (■)  represent  the  Pqn  values  ex¬ 
tracted  from  experimental  data  [12],  open  circles  (o)  represent  our  calculations  based  on 
the  model  describing  the  competition  between  complete  fusion  and  quasi-fission  [6]. 
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penetration  factor  of  a  parabolic  barrier.  Pc N  is  the  probability  of  forming  a  compound 
nucleus  in  competition  with  quasi-fission  [6].  In  figure  3  are  shown  the  values  of  Pcn> 
calculated  for  different  reactions  with  208 Pb  and  209 Bi  targets. 

The  ratio  of  repulsive  Coulomb  forces  and  the  attractive  nuclear  forces  governs  the  mov¬ 
ing  of  two  nuclei  into  one.  For  a  monosystem  this  ratio  is  given  by  the  fissility  parameter  x. 
For  two  touching  sphere  configuration,  taking  into  account  that  the  proton  and  neutron  ratio 
between  the  two  partners  is  equilibrated  very  quickly  10-22  sec),  a  modified  parameter 
Xmean  describing  the  ratio  of  Coulomb  and  nuclear  forces  has  been  defined  according  to 
[13]  and  [14]. 

2.5  Capture  cross  section 

The  capture  cross  section  ac  makes  up  a  part  of  the  total  inela<4  ic  cross  section 

_  ESlo(2/  +  l )T(l,E) 

^  E(=o  (2l  +  l)T(l,E)'  (> 

The  l hr  is  the  critical  angular  moment,  at  which  the  capture  of  a  heavy  ion  occurs  and  an 
excited  DNS  is  formed.  The  value  of  lkr  was  taken  from  empirical  systematics  of  the  ratio 
crc /or  [10].  In  the  figure  4  one  can  see  the  experimental  data  and  our  calculations  oc  for 
two  type  of  reactions:  with  a  208Pb  target  (left)  and  a  238U  target  (right).  The  rather  good 
agreement  between  the  calculations  and  the  experimental  data  is  obvious. 


2.6  Survival  probability 

The  production  cross  section  for  evaporation  residues  with  emission  of  x  neutrons  from 
heavy  compound  nuclei  can  be  written  in  the  following  form  as 


Figure  4.  Capture  cross  sections  for  two  targets  Pb  (left)  and  U  (right)  as  a  function  of 
bombardment  energy  and  different  heavy  ions.  Points  are  experimental  data,  curves  are 
result  of  calculations. 
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*xn(E*)  «  <7fus  •  Pxn(E*)  •  Wsur(E *),  (5) 

where  crfus  is  the  compound  nucleus  formation  cross  section;  E *  the  excitation  energy  of 
compound  nucleus;  Pxn  is  the  probability  of  evaporation  of  exactly  x  neutrons  from  the 
excited  compound  nuclei  [11];  ITsur  is  the  probability  of  survival  of  the  heavy  (rn/rtot  ~ 
rn/r /)  compound  nucleus  during  its  deexcitation 


where  x  is  the  number  of  evaporated  neutrons,  k  the  index  of  the  evaporation  step.  For  the 
partial  widths  of  neutron  emission  and  fission  the  following  expressions  have  been  used 

[9]: 


U-Bn 

r n(E*,L)*s-f  [  ainv(En)pd(U-Bn-En)EndEn,  (7) 

(7T Al)  pm\E)  J 
0 

Ua-Bf 

rf(E*,L)^(2npm(U))-1  f  ps(Us-Bf-e)Ae,  (8) 

0 

where  U  is  the  thermal  energy  of  the  mother  nucleus,  s  the  spin  of  the  emitted  particle 
and  p  is  the  reduced  mass  of  the  system  (particle  neutron  plus  daughter  nucleus).  The 
symbols  m  and  d  indicate  the  mother  and  the  daughter  nuclei,  respectively.  The  inverse 
cross  section  <7inv  is  calculated  within  the  model  described  in  [10]. 

In  expression  (8)  the  thermal  energy  Us  and  the  rotational  energy  Ey  are  connected  at  the 
saddle  point  by  the  relation  Us  —  E*  —Ef  This  form  of  the  width  T /  takes  into  account  the 
change  of  the  fission  barrier  of  the  rotating  nucleus  so  far  as  Bf(I)  =  Bf(  0)  —  ( Er  —  E*) 
(see  details  in  [15]). 

To  describe  the  level  density  as  a  function  of  the  excitation  energy,  the  well  known 
Fermi-gas  expression  (see,  for  example,  book  [16]) 

has  been  used.  In  (9)  the  dependence  of  the  nucleus  entropy  S  on  the  excitation  energy 
E *  is  determined  by  the  relation:  S  =  2 at,  using  the  connection  of  the  temperature  with 
the  excitation  energy  of  the  nucleus  E *  =  at2,  here  6  is  correction  accounting  for  even- 
odd  effects  [18].  The  parameter  of  the  level  density  a  =  7r2g0/6  is  expressed  through 
the  density  of  single  particle  states  near  the  Fermi  energy  g0  =  f(Ef)  —  constant.  The 
decrease  of  the  influence  of  shell  effects  on  the  level  density  with  increasing  excitation 
energy  is  taken  into  account  by  the  phenomenological  expression  [16]: 

a(E*)  =  a[l  +  f(E*)AW/E*].  (10) 

Here  f(E*)  =  1  —  exp(— 7E*),  AIT  is  the  shell  correction  in  the  nuclear  mass  formula, 
a  =  A(a  +  PA)  is  the  Fermi-gas  value  of  the  level  density  parameter,  A  is  the  mass 
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Figure  5.  Fission  barrier  and  rn/T /  values  for  element  1 12  as  a  function  of  excitation 
energy. 

number  of  nucleus.  The  empirical  values  of  the  parameters  a  =  0.134  MeV-1,  /3  = 
— 1.21  - 10— 4  MeV-1, 7  =  0.061  MeV  -1  have  been  obtained  in  ref.  [18]  from  the  analysis 
of  the  data  on  the  level  density  taking  into  account  the  contribution  of  the  collective  states 
to  the  total  level  density. 

The  fission  barrier  Bf  is  a  sum  of  liquid  drop  B^D  and  shell  correction  AW  parts 
Bf  =  B^d  +  AW.  To  calculate  Wsur,  we  need  the  fission  barrier  of  compound  nuclei. 
For  transfermium  region  of  compound  nuclei  the  B^D  is  very  small.  To  include  effect  of 
washing  of  shell  corrections  we  used  the  next  equation  Bf(E*)  —  AW  •  exp(— 7j E*).  For 
our  calculation  we  used  the  value  of  Bf(E*  =  0)  =  from  ref.  [17]. 

In  figure  5  one  can  see  that  the  dependence  of  the  fission  barrier  and  ratio  Tn/T/  on  E* 
in  region  of  maximum  of  excitation  functions  for  (HI,  In)  reactions  (10  —  20  MeV)  is  very 
strong. 


3.  The  analysis  of  reactions  used  for  the  synthesis  of  the  transfermium  and  super¬ 
heavy  elements 

3.1  Reactions  of  cold  fusion 

The  ‘cold’  method  of  synthesis  of  heavy  elements  where  evaporation  of  one  neutron  has 
higher  probability,  named  ‘cold  fusion’  (was  proposed  in  Dubna  by  Oganessian  [19]),  was 
successfully  used  to  produce  new  transfermium  elements  up  to  Z  —  112. 

One  can  see  from  figure  6  that  our  approach  allows  rather  good  description  of  the  exper¬ 
imental  data  on  cold  fusion  (HI, In)  reactions. 


3.2  Hot  fusion  reactions 

As  one  can  see  from  figure  6,  that  <jin  of  reactions  which  leads  to  synthesis  of  the  super¬ 
heavy  element  with  magic  number  Z  —  114  with  Pb  target  is  less  than  1  pb. 

Therefore  we  analysed  another  reaction  48 Ca  -f  244 Pu  =  292 1 14,  which  was  chosen  for 
the  synthesis  of  element  114  in  FLNR  (Dubna)  (see,  for  example,  ref.  [23]).  There  are 
experimental  data  in  which  a  48Ca-beam  was  used  to  bombard  targets  of  Pb,  Th,  U.  For  the 
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Figure  6.  Experimental  data  (black  squares)  and  theoretical  calculations  (open  circles) 
for  synthesis  of  elements  from  102  to  1 14  in  cold  fusion  reactions  (HI,  In),  the  combina¬ 
tions  are  noted  in  the  figure.  The  line  has  been  drawn  to  guide  the  eyes.  The  references 
on  experimental  data  a\n  are  given  in  table  1. 


reaction  48  Ca  4-  208 Pb  =  256 102  measurements  of  the  excitation  functions  for  the  evapora¬ 
tion  of  1, 2, 3, 4  neutrons,  as  well  as  the  fusion-fission  cross  section  [20],  which  for  heavy 
compound  nuclei  coincides  with  the  fusion  cross  section,  have  been  measured.  Therefore 
it  seemed  very  interesting  to  analyse  these  reactions  in  the  framework  of  the  DNS  concept. 

In  figure  7  one  can  see  calculations  based  on  the  DNS-concept  for  two  reactions.  For 
the  48Ca  4-  208Pb  —  256 102  reaction  (left  panel)  our  calculation  rather  well  describes  the 
experimental  data  for  evaporation  residue  cross  sections.  For  the  48Ca  4-  232Th  =  280 1  10 
reaction  (right  panel),  for  which  only  asn  has  been  measured,  our  calculation  is  not  in 
disagreement  with  the  experimental  point. 

As  one  can  see  from  figure  8  our  calculations  for  the  48Ca  4-  238U  =  286 112  reaction 
agree  with  the  experimental  values.  The  right  panel  of  figure  8  shows  our  estimations  for 
the  cross  sections  for  the  48Ca  4-  244Pu  —  292 1 14  reaction. 

Comparing  our  estimations  (see  figure  6)  for  the  76T4,72,70Qe  sosp^  _ 
284,282,270,278  1 24  reaction  with  these  for  the  reaction  48Ca  4-  244Pu  =  292 1 14  (see  fig¬ 
ure  8),  it  follows  that  the  latter  one  is  more  preferable. 

There  exist  also  other  estimations  of  cross  section  for  the  combination  48Ca  4-  244Pu 
_  292  224  (see  table  2).  One  can  see  that  our  estimation  is  in  rather  good  agreement  with 
value  of  cross  sections  from  ref.  [4]. 

Now  in  the  FLNR  an  experiment  is  running  to  produce  the  isotope  of  element  114,  in 
the  reaction  48Ca  4-  244Pu  =  292 114.  This  experiment  is  very  important,  since  it  would 
give  a  possibility  to  reach  the  island  of  stability,  about  which  physicists  of  the  whole  world 
dream  for  more  than  30  years. 
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E|ab.  MeV  E*.  MeV 


Figure  7.  Results  for  the  two  reactions  48Ca  +  208Pb  =  256 102  (left)  and  48Ca  +  232Th 
=  110  (right),  (o)  denote  the  experimental  values  of  fusion-fission  cross  sections 

[20],  solid  points  (•)  experimental  values  of  axn  [20],  the  experimental  value  a 3 n  for 
the  right  reaction  was  taken  from  ref.  [24],  curves  are  the  result  of  our  estimations: 
dashed  curves  are  calculations  for  crc,  dotted  curves  are  for  crfus,  and  solid  curves  are 
for  (J xn  • 


Figure  8.  Cross  sections  for  the  reactions  48Ca  +  238U  (left)  and  48Ca  +  244Pu  (right) 
leading  to  compound  nuclei  with  Z  —  112  and  Z  —  114,  respectively.  On  the  left, 
open  and  solid  circles  are  capture  cross  sections  from  refs  [25]  and  [26]  correspond¬ 
ingly.  Experimental  data  for  oxn  was  taken  from  [27].  Different  curves  are  theoretical 
calculations  (explanation  see  in  the  caption  of  figure  7). 
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Table  2.  Results  of  different  estimations  (maximal  quantities  )  for 
cross  section  values  for  48Ca  +  244Pu  =  292~xn\  14  reaction. 


Channel 

E* 

Value 

Ref. 

C  3  n 

35  MeV 

3.5  pb 

[41 

&  3  n 

26  MeV 

100  pb 

[28] 

C^ER 

37  MeV 

10  pb 

[29] 

O' 3  Tl 

32  MeV 

20  pb 

[23] 

&3  n 

35  MeV 

1.5  pb 

Present  work 

4.  Conclusions 


The  DNS  concept  was  used  in  the  analysis  of  existing  experimental  data  on  reactions  lead¬ 
ing  to  the  synthesis  of  elements  102  and  112.  The  attempt  to  synthesize  element  1 14  was 
also  analysed.  The  method  applied  in  this  article  describes  well  a  wide  set  of  experimental 
data  on  reactions  of  cold  synthesis  (reactions  with  evaporation  of  one  neutron  (HI, In)) 
concerning  the  maxima  of  the  excitation  functions  (figure  2),  and  their  absolute  values 
(figure  6).  The  DNS  concept  allows  to  carry  out  calculations  of  the  inner  fusion  barrier 
Bfus  for  synthesis  reactions,  which  in  turn  gives  an  estimation  of  the  threshold  A E  for 
complete  fusion.  The  DNS  concept  allows  to  estimate  competition  between  complete  fu¬ 
sion  and  dominant  quasi-fission  in  SHE  synthesis  reactions,  which  gives  the  probability 
Pcn  of  forming  a  compound  nucleus  after  capture.  In  ‘cold’  fusion  reactions,  the  quasi¬ 
fission  is  the  main  factor  determining  the  decrease  of  SHE-production  cross  sections  when 
increasing  the  atomic  number  of  the  synthesized  SHE.  It  was  shown  that  the  reaction  48  Ca 
+  244Pu  =  292 1 14  for  the  synthesis  of  element  1 14,  suggested  in  FLNR  [23],  is  more  prefer¬ 
able  compared  with  the  reaction  of  a  Ge-beam  on  a  Pb-target. 
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Abstract.  The  proton  drip  line  defines  one  of  the  fundamental  limits  to  nuclear  stability.  Nuclei 
lying  beyond  this  line  are  energetically  unbound  to  the  emission  of  a  constituent  proton  from  their 
ground  states. 

For  near-spherical  nuclei  in  the  region  of  the  drip  line  between  Z  =  69  (Tm)  and  Z  =  81  (Tl), 
proton  decay  transition  rates  have  been  shown  to  be  well  reproduced  by  WKB  calculations  using 
spectroscopic  factors  derived  from  a  low-seniority  shell  model  calculation  [2].  Another  approach  us¬ 
ing  spectroscopic  factors  obtained  from  the  independent  quasiparticle  approximation  has  also  proved 
successful  in  this  region  [3].  These  interpretations  have  allowed  the  extraction  of  nuclear  structure 
information  from  nuclei  well  beyond  the  proton  drip  line. 

The  rare-earth  proton  emitters  141  Ho  and  131  Eu  have  recently  been  observed  [4],  and  their  decay 
rates  can  only  be  explained  by  assuming  large  deformation  for  these  nuclei.  In  addition  to  providing 
information  on  the  wavefunctions  and  deformations  of  these  nuclei,  these  results  offer  the  opportunity 
to  study  the  phenomenon  of  quantum  mechanical  tunneling  through  a  deformed  potential  barrier. 

Keywords.  Proton  drip  line;  proton  radioactivity;  spherical  proton  emitters;  deformed  proton  emit¬ 
ters. 
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A  rare  nuclear  decay  process:  The  internal  conversion 
between  bound  atomic  states 
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Abstract.  We  shall  report  on  the  recently  observed  dependence  of  the  lifetime  of  the  first  excited 

1  op 

state  in  Te  on  the  ionic  charge  state.  Then  we  shall  give  an  interpretation  of  the  dependence  of  the 
half-life  in  terms  of  a  new  type  of  nuclear  internal  conversion  without  emission  of  the  electron  into 
the  continuum  of  electron  energies.  We  have  named  this  process  internal  conversion  between  bound 
atomic  states  or  BIC.  The  resonant  character  of  the  BIC  will  be  established  and  the  main  parameters 
governing  the  decay  process  will  be  discussed  [1-3]. 

Finally  the  results  of  a  recent  experiment  performed  at  the  GANIL  accelerator  attempting  to  mea¬ 
sure  directly  the  value  of  the  internal  conversion  coefficient  associated  with  BIC  in  125Te  ions  with 
charge  states  ranging  between  44+  and  48+  will  be  given. 

In  conclusion  we  shall  discuss  the  relation  between  the  BIC  and  nuclear  excitation  by  electron 
transition,  NEET,  in  the  excitation  of  some  nuclear  isomeric  states. 

Keywords.  Nuclear  decay;  internal  conversion. 
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Abstract.  Cluster  radioactivity  is  a  process  by  which  nuclei  equal  and  heavier  than  the  ct-particle 
is  emitted  spontaneously.  The  clusters  usually  emitted  in  this  process  are  the  ct-particle,  carbon, 
oxygen,  neon,  magnesium,  silicon  etc.  When  the  mass  of  the  cluster  becomes  comparable  with  the 
mass  of  the  daughter,  symmetric  fission  takes  place.  Thus  the  cluster  radioactivity  is  an  intermediate 
process  between  the  well  known  a-decay  and  the  spontaneous  fission.  In  earlier  years  such  cluster 
radioactivity  was  found  mostly  in  actinide  nuclei  like  radium,  uranium  etc.  Very  recently  it  has  been 
predicted  that  such  decays  are  possible  in  a  new  region  around  U4Ba.  There  has  been  an  exciting 
experimental  detection  of  the  emission  of  12C  from  114Ba  leading  to  102Sn,  which  is  attracting  a  lot 
of  attention  recently. 

To  study  the  phenomenon  of  cluster  radioactivity  there  are  various  theoretical  models  in  vogue. 
The  existing  models  generally  fall  under  two  categories:  the  unified  fission  model  (UFM)  and  the 
preformed  cluster  model  (PCM).  The  physics  of  the  UFM  and  the  PCM  are  completely  different. 
The  UFM  considers  cluster  radioactivity  simply  as  a  barrier  penetration  phenomenon  in  between 
the  fission  and  the  a-decay  without  worrying  about  the  cluster  being  or  not  being  preformed  in  the 
parent  nucleus.  In  the  PCM  clusters  are  assumed  to  be  prebom  in  a  parent  nucleus  before  they  could 
penetrate  the  potential  barrier  with  a  given  Q-value.  The  basic  assumption  of  the  UFM  is  that  heavy 
clusters  as  well  as  the  a-particle  have  equal  probability  of  being  preformed.  In  PCM,  clusters  of 
different  sizes  have  different  probabilities  of  their  being  preformed  in  the  parent  nucleus. 

We  have  developed  three  fission  models  during  the  last  decade  using  the  cubic  potential  for  the 
pre-scission  region.  The  use  of  these  models  in  the  study  of  cluster  radioactivity  in  both  the  actinide 
and  barium  regions  will  be  discussed  in  this  talk  in  comparison  with  the  other  existing  theories. 

Keywords.  Cluster  radioactivity;  fission  models. 
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Abstract.  Nuclear  fission  from  excitation  energies  around  1 1  MeV  was  studied  at  GSI,  Darmstadt 
for  76  neutron-deficient  actinides  and  pre-actinides  by  use  of  relativistic  secondary  beams.  The  char- 
acteristics  of  multimodal  fission  of  nuclei  around  Th  are  systematically  investigated  and  related 
to  the  influence  of  shell  effects  on  the  potential-energy  and  on  the  level  density  between  saddle  point 
and  scission.  A  systematic  view  on  the  large  number  of  elemental  yields  measured  gave  rise  to  a  new 
interpretation  of  the  enhanced  production  of  even  elements  in  nuclear  fission  and  allowed  for  a  new 
understanding  of  pair  breaking  in  fission. 

Keywords.  Nuclear  reactions;  radioactive  beams;  nuclear  fission;  shell  effects. 

PACS  Nos  24.75+i;  25.85.-w;  25.85.Jg;  27.90.+b 


1.  Introduction 

Nuclear  fission  provides  unique  information  on  the  reordering  of  nucleons  in  a  large-scale 
collective  motion.  The  signatures  of  shell  structure  and  pairing  correlations  show  up  in 
fission  from  low  excitation  energies.  They  have  general  implications  on  the  influence  of 
shell  structure  on  nuclear  dynamics  and  on  the  viscosity  of  cold  nuclear  matter.  The  use 
of  secondary  beams  gives  access  to  a  large  new  field  of  fissioning  systems  by  overcom¬ 
ing  restrictions  of  conventional  experimental  techniques.  In  this  contribution,  the  large 
body  of  data  acquired  in  a  recent  experiment  is  presented  and  the  resulting  progress  in  the 
understanding  of  the  fission  dynamics  is  sketched. 


2.  Experiment 

The  secondary-beam  facility  of  GSI,  Darmstadt  offers  unique  possibilities  to  provide  sec¬ 
ondary  beams  of  neutron-deficient  actinides  and  pre-actinides  produced  by  fragmentation 
of  relativistic  238U  projectiles.  Within  the  limits  given  by  the  primary-beam  intensity  and 
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Figure  1.  Schematical  drawing  of  the  set  up  for  the  fission  experiment  mounted  behind 
the  fragment  separator. 
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Figure  2.  Nuclear-charge  response  of  the  twin  MUSIC  with  velocity  correction  applied 
as  obtained  for  the  fission  fragments  after  electromagnetic  excitation  of  Th  projec¬ 
tiles. 

the  fragmentation  cross  sections  [1,2],  nuclear  charge  and  mass  number  of  the  secondary 
projectiles  can  freely  be  selected  by  tuning  the  fragment  separator  [3]. 

Fission  from  the  desired  excitation-energy  range  slightly  above  the  fission  barrier  was 
induced  by  electromagnetic  interactions  in  a  heavy  target  material.  In  the  next  section  we 
give  a  detailed  description  of  this  excitation  mechanism. 

The  experimental  setup  behind  the  fragment  separator  is  sketched  in  figure  1.  As  sec¬ 
ondary  target  we  used  a  stack  of  lead  foils  with  a  total  thickness  of  3  g/cm2  mounted  in 
a  gas-filled  chamber  which  acts  as  a  subdivided  ionization  chamber  (active  target).  With 
this  device  it  is  possible  to  discriminate  fission  induced  in  the  lead  foils  against  fission 
induced  in  other  layers,  e.g.  the  scintillator.  The  average  energy  of  the  secondary  projec¬ 
tiles  in  the  lead  target  was  about  430  A  MeV.  The  differential  energy  loss  of  each  fission 
fragment  was  measured  separately  with  a  horizontally  subdivided  twin  ionization  cham¬ 
ber.  In  order  to  correct  the  energy  loss  for  the  velocity  dependence,  the  time-of-flight  of 
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the  fission  fragments  was  measured  by  means  of  a  (lm  x  lm)  scintillator  wall.  Figure  2 
shows  the  nuclear-charge  response  of  the  experimental  set  up  for  fission  fragments  after 
electromagnetic-induced  fission  of  226Th.  Due  to  the  high  center-of-mass  energies,  an  ex¬ 
cellent  charge  resolution  is  achieved.  Events  stemming  from  reactions  at  lower  impact 
parameters  were  suppressed.  For  details  of  the  analysis  procedure  see  refs  [4,5]. 

3.  Excitation  mechanism 

The  electromagnetic  excitation  in-flight  in  the  secondary  target  is  one  of  the  most  impor¬ 
tant  ingredients  of  the  experiment,  ideally  adapted  to  the  kinematic  properties  and  to  the 
low  intensities  of  the  secondary  beams.  It  populates  states  in  the  vicinity  of  the  fission 
barrier  with  large  cross  section  of  a  few  barns.  Although  the  excitation  energy  acquired 
is  not  precisely  known  for  a  single  event,  the  excitation-energy  distribution  can  be  calcu¬ 
lated  with  rather  good  precision.  The  electromagnetic  field  of  a  lead  target  nucleus,  seen 
by  the  projectile,  can  be  represented  by  a  flux  of  equivalent  photons  of  different  ener¬ 
gies  and  multipolarities  according  to  ref.  [6].  The  projectiles  are  excited  according  to  the 
energy-dependent  photo  absorption  cross  section  which  is  dominated  by  the  giant  dipole 
resonance  with  small  contributions  of  the  giant  quadrupole  resonances.  First-chance  fis¬ 
sion  represents  the  main  source  of  fission,  but  also  fission  after  evaporation  of  one  or  two 
particles  (mostly  neutrons)  occurs  with  a  probability  of  about  20%.  This  leads  to  a  reduc¬ 
tion  of  the  excitation  energy  at  fission.  The  excitation-energy  distribution  at  fission  after 
electromagnetic  excitation  of  234U  in  the  passage  of  a  lead  target  at  430  A  MeV  is  shown 
in  figure  3  (for  details  of  the  calculation  see  ref.  [4]).  The  calculated  excitation-energy 
distributions  of  the  other  nuclei  investigated  are  similar. 

4.  Results  and  discussion 

In  the  present  experiment,  the  elemental  yields  and  the  total  kinetic  energies  of  long  iso¬ 
topic  chains  from  205  At  to  234 U  have  been  determined.  The  elemental  yields  are  shown  in 
figures  4  and  5.  The  transition  from  symmetric  fission  in  the  lighter  systems  to  asymmetric 


Figure  3.  Calculated  distribution  of  excitation-energies  at  fission  after  electromagnetic 
excitation  of  234  U  projectiles  at  430  A  MeV  in  a  lead  target. 
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Figure  4.  Measured  fission-fragment  charge  distributions  from  221  Ac  to  234 U  are 
shown  on  a  chart  of  the  nuclides. 
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Figure  5.  Measured  fission-fragment  charge  distributions  from  205 At  to  221  Th  are 
shown  on  a  chart  of  the  nuclides. 


fission  in  the  heavier  systems  is  systematically  covered.  In  the  transitional  region,  around 
226Th,  triple-humped  distributions  appear,  revealing  comparable  intensities  for  symmetric 
and  asymmetric  fission.  In  particular,  for  uranium  and  thorium  isotopes  strong  even-odd 
effects  are  observed. 


4. 1  Fission  channels 

Turkevich  and  Niday  [7]  already  noticed  that  different  components  which  they  named  as 
fission  modes  appear  in  the  fission-fragment  yields  and  in  the  kinetic-energy  distributions. 
Later,  models  were  proposed  to  deduce  the  fission  characteristics  from  the  properties  of 
the  scission  configuration  alone,  e.g.  ref.  [8].  However,  these  neglect  the  dynamic  evolu¬ 
tion  of  the  system  from  saddle  to  scission  which  seems  to  be  very  important  [9-11].  The 
concept  of  independent  fission  channels  has  been  developed  [12,13]  according  to  which 
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the  fissioning  system  follows  specific  valleys  in  the  potential  energy  in  the  direction  of 
elongation.  Several  properties  (e.g.  average  mass  or  charge  split,  mass  or  charge  width, 
mean  total  kinetic  energy)  could  be  related  to  calculated  properties  of  the  highly  deformed 
fissioning  system.  However,  the  mechanisms  which  determine  the  fission-fragment  yields 
are  not  sufficiently  well  understood  to  allow  for  quantitative  predictions.  Therefore,  the 
intensities  of  the  fission  channels  are  usually  deduced  from  experiment. 

The  systematic  survey  on  fissioning  systems  with  strongly  varying  charge  distributions 
(see  figures  4  and  5)  will  provide  a  new  test  case  for  the  concept  of  independent  fission 
channels.  Moreover,  it  will  enable  a  more  systematic  view  on  how  the  intensities  of  the 
fission  channels  vary  as  a  function  of  the  nuclear  composition.  At  first  glance,  two  fission 
components  appear  in  the  measured  charge  distributions,  a  symmetric  and  an  asymmetric 
one.  The  weights  of  these  two  fission  components  were  quantitatively  determined  by  fitting 
three  Gaussian  curves  to  the  charge-yield  distributions.  The  widths  (standard  deviation)  of 
the  symmetric  and  the  asymmetric  components  were  found  to  be  close  to  4.0  charge  units 
and  2.2  charge  units,  respectively,  for  all  nuclei  for  which  they  could  be  extracted.  In 
cases  where  either  one  of  the  components  was  too  weak,  the  corresponding  value  from  this 
systematics  was  used.  The  ratio  of  symmetric  to  asymmetric  fission  was  then  determined 
by  the  ratio  of  the  areas  of  the  Gaussians  describing  the  data.  The  result  of  this  procedure 
is  shown  in  figure  6.  The  transition  is  rather  smooth  and  the  weights  of  the  two  fission 
components  scale  with  the  mass  of  the  fissioning  nucleus. 

The  data  on  elemental  yields  support  the  idea,  stated  by  Itkis  et  al  [14,15],  that  the 
weights  of  the  fission  channels  are  principally  determined  by  an  interplay  of  the  neutron 
shells  at  N  =  82  and  N  =  86  with  the  liquid-drop  potential.  A  quantitative  description 
of  this  idea  has  been  formulated  by  Benlliure  et  al  [16]  by  relating  the  charge  distributions 
to  the  density  of  transition  states  in  the  vicinity  of  the  outer  fission  barrier.  From  the 
model  calculations  (figure  6)  we  can  conclude  that  the  transition  from  the  asymmetric  to 
the  symmetric  components  is  mainly  determined  by  the  variation  in  the  stiffness  of  the 
liquid-drop  potential; 


Acn  “  Ncn  +  ZCN 


Figure  6.  Intensity  ratios  of  the  symmetric  and  the  asymmetric  fission  components  in 
the  transitional  region  as  a  function  of  mass  number.  The  full  triangles  (squares,  circles) 
correspond  to  thorium  (protactinium,  uranium)  isotopes.  The  open  symbols  correspond 
to  model  calculations  (see  text). 
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Figure  7.  Measured  elemental  yields  (left  part)  and  average  total  kinetic  energies  (right 
part)  as  a  function  of  the  nuclear  charge  measured  for  fission  fragments  of  several  fis¬ 
sioning  nuclei.  Only  statistical  errors  are  given.  The  total  kinetic  energies  are  subject 
to  an  additional  systematic  uncertainty  of  2%,  common  to  all  data  [5].  Arrows  indicate 
the  positions  of  neutron  ( N  —  50,  82)  and  proton  shells  (Z  =  50).  The  positions  of 
the  neutron  shells  are  calculated  from  the  proton  numbers  by  assuming  an  unchanged 
charge  density  (UCD).  The  full  lines  show  descriptions  with  the  model  of  independent 
fission  channels.  The  contributions  of  the  individual  channels  are  depicted  by  dashed 
lines  (see  text  for  details). 
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4.2  Influence  of  shell  structure 


In  detail,  the  charge-yield  distributions  and  the  total  kinetic  energies  of  233 U,  232  Pa,  228 Pa, 
228Th,  226Th,  and  223Th  are  shown  in  figure  7.  The  gross  structural  effects  observed  in  the 
charge  yields  are  different  from  those  showing  up  in  the  total  kinetic  energies.  From  233  U 
to  223Th,  the  weight  of  the  asymmetric  fission  component  decreases  strongly,  while  the 
enhancement  of  the  total  kinetic  energies  near  Z  =  52  to  54  is  preserved.  In  a  simultaneous 
fit  to  elemental  yields  and  total  kinetic  energies,  it  was  possible  to  reproduce  these  data  with 
the  assumption  of  independent  fission  channels.  A  description  with  two  fission  channels 
only,  which  well  reproduces  the  nuclear-charge  yields,  represents  the  measured  TKE  values 
only  poorly.  A  satisfactory  description  was  obtained  with  three  channels,  ‘standard  I’  at 
TV  —  82,  ‘standard  IF  around  TV  =  88  in  the  heavy  fragment,  and  ‘superlong’  at  symmetry, 
using  the  notations  introduced  by  Brosa  et  al  [13].  Each  channel  was  represented  by  a 
Gaussian  distribution  in  the  yields  and  a  specific  scission-point  configuration.  In  order  to 
consider  the  trivial  variation  of  the  total  kinetic  energy  as  a  function  of  mass  and  charge 
split,  the  Coulomb  repulsion  Vq  in  the  scission-point  configuration  was  parametrized  by 
the  following  expression,  introduced  in  ref.  [8]: 


Zi  •  Z2  •  e2 


(1) 


Zi,  Ai  and  ft  are  nuclear-charge  numbers,  mass  numbers  and  deformations  of  the  fission 
fragments  respectively,  ro  =  1.16  fm  is  the  nuclear-radius  constant,  and  e  the  elementary 
charge.  The  mass  numbers  were  related  to  the  charge  numbers  by  the  UCD  assumption. 
The  deformation  parameters  were  fixed  at  ^  =  0.6  as  predicted  by  the  liquid-drop  model, 
see  ref.  [8].  The  ‘tip  distance’ d  was  determined  from  a  fitting  procedure,  requiring  that 
the  measured  TKE  values  are  best  reproduced  by  Vq.  Since  the  fit  can  only  yield  one 
parameter  of  eq.  (1),  the  elongation  of  the  system,  parametrized  by  the  tip  distance  d ,  also 
effectively  represents  variations  in  the  deformation  of  the  fragments. 

For  each  fission  channel,  position,  width,  and  height  of  the  Gaussian  representing  the 
nuclear-charge  yields  as  well  as  the  tip  distance  of  the  scission  configuration  were  treated 
as  free  parameters.  The  width  of  the  superlong  channel  had  to  be  kept  constant  for  the 
fit  to  converge.  The  yields  are  formulated  as  the  sum  and  the  total  kinetic  energies  as  the 
weighted  average  of  the  different  components.  Unfortunately,  the  dispersion  of  the  total 
kinetic  energy  could  not  be  deduced  in  the  secondary  beam  experiment  due  to  the  limited 
resolution.  Therefore,  the  relative  weights  of  the  two  asymmetric  fission  channels  could 
only  be  determined  with  rather  large  error  bars. 

As  a  remarkable  result,  we  found  that  the  superlong  channel  which  appears  at  symmetry 
becomes  more  compact  for  the  lighter  systems  as  can  be  seen  in  figure  8.  This  finding 
indicates  that  this  channel  is  influenced  by  shell  effects,  too,  although  the  charge  distri¬ 
bution  can  be  represented  by  a  simple  Gaussian.  The  variation  of  the  tip  distance  in  the 
symmetric  channel  can  be  related  to  the  properties  of  the  shell  around  TV  =  64  which  tends 
to  become  less  deformed  with  decreasing  neutron  number  (see  e.g.  refs  [8,17].  Moreover, 
the  symmetric  channel  appears  to  be  much  narrower  than  observed  previously  in  heavier 
systems. 

In  figure  9  it  is  shown  the  evolution  of  the  positions  in  charge  and  neutron  number  of 
both  asymmetric  fission  channels  (standard  I  and  standard  II)  as  a  function  of  the  mass 
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Figure  8.  Evolution  of  deformation  in  the  symmetric  fission  component  obtained  from 
the  fits  as  a  function  of  the  neutron  number  of  the  fission  fragments  estimated  assuming 
UCD. 
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Figure  9.  Position  in  nuclear  charge  and  neutron  number  of  the  two  asymmetric  fission 
modes  (standard  I  and  standard  II)  as  a  function  of  the  mass  of  the  fissioning  system. 
The  data  corresponding  to  the  plutonium  isotopes  were  taken  from  ref.  [18].  The  posi¬ 
tion  in  neutron  number  was  estimated  from  the  position  in  nuclear  charge  by  the  UCD 
assumption. 


of  the  fissioning  nucleus.  We  observe  a  constant  position  in  charge  corresponding  to  the 
values  Z  —  53  (standard  I)  and  Z  =  55  (standard  II),  while  the  positions  in  neutron  number 
change  with  the  mass  of  the  fissioning  nucleus.  Since  the  two  most  important  asymmetric 
fission  channels  (standard  I  and  standard  II)  are  usually  associated  [8]  with  the  spherical 
N  —  82  shell  and  the  deformed  N  —  88  shell,  respectively,  this  is  a  remarkable  result. 
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From  the  good  simultaneous  description  of  nuclear-charge  yields  and  total  kinetic  en¬ 
ergies  as  demonstrated  by  figure  7  we  conclude  that  the  concept  of  independent  fission 
channels  has  passed  an  important  test  although  the  parameters  of  the  fission  channels  can 
not  be  directly  related  to  the  known  properties  of  the  nuclear  shells.  It  allows  for  the  strong 
variations  of  the  yields  while  keeping  the  TKE  distributions  almost  unchanged.  However, 
we  would  also  like  to  add  a  critical  remark.  In  accordance  with  the  usual  treatment,  the 
most  probable  scission-point  configuration,  parametrized  by  the  tip  distance  d,  was  fixed  at 
one  value  for  each  fission  channel  and  not  allowed  to  vary  as  a  function  of  charge  split.  This 
might  be  a  severe  oversimplification.  It  is  known  that  the  energetically  most  favourable  de¬ 
formation  in  a  deformed  shell  region  varies  with  the  number  of  nucleons  [8,17].  Therefore 
a  corresponding  variation  of  the  mean  elongation  at  the  scission  point  as  a  function  of  the 
charge  split  is  to  be  expected.  This  would  imply  a  variation  of  the  most  probable  tip  dis¬ 
tance  d  even  inside  one  fission  channel.  Besides  the  symmetric  channel,  this  also  concerns 
the  standard  II  fission  channel  related  to  the  N  =  88  deformed  shell.  Therefore,  part  of 
the  increase  of  the  TKE  values  in  the  asymmetric  component  towards  symmetry,  which  is 
attributed  to  the  compact  standard  I  channel  in  our  description,  may  rather  be  imputed  to  a 
variation  of  the  scission  configuration  in  the  standard  II  channel  to  more  compact  shapes. 
This  would  strongly  affect  all  parameters  of  the  two  asymmetric  fission  channels. 


5.  Conclusion 

A  new  experimental  technique  was  applied  to  measure  elemental  yields  and  total  kinetic 
energies  after  low-energy  fission  of  short-lived  radioactive  nuclei.  The  beautiful  data  nicely 
demonstrate  the  decisive  influence  of  nuclear  structure  on  the  fission  process  in  a  partic¬ 
ular  interesting  transitional  region  around  227Th.  In  contrast  to  the  total  kinetic  energies, 
the  element  distributions  were  found  to  vary  strongly,  essentially  as  a  function  of  mass 
number  of  the  fissioning  system.  This  behaviour  could  well  be  reproduced  by  the  model 
of  independent  fission  channels.  The  weights  of  the  asymmetric  fission  channels  decrease 
with  decreasing  mass  of  the  fissioning  nucleus,  but  the  scission-point  configurations  remain 
unchanged.  The  scission-point  configuration  of  the  symmetric  fission  channel,  however, 
evolves  to  more  compact  shapes  for  the  lighter  fissioning  nuclei,  where  symmetric  splits 
correspond  to  smaller  nucleon  numbers.  This  clearly  reveals  the  influence  of  shell  effects 
also  in  the  symmetric  channel.  The  analysis  of  both  asymmetric  channels  (standard  I  and 
standard  II)  show  that  these  two  fission  channels  can  not  be  explained  by  the  influence  of 
the  shells  N  —  82  and  N  —  88. 
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Abstract.  Thermal  fluctuations  in  angular  momentum  due  to  excitation  is  investigated.  Shape 
changes  or  structural  rearrangement  are  observed  as  a  consequence  of  fluctuation  in  second  moment 
of  spin.  The  uncertainty  in  angular  momentum  is  considerably  enhanced  due  to  thermal  fluctuation 
and  is  strongly  dependent  on  spin  and  structural  changes. 

Keywords.  Spin  cut  off  parameter;  nuclear  structure. 
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1.  Introduction 

The  two  important  properties  of  nuclear  level  density  are  its  dependence  on  spin  and  en¬ 
ergy.  The  dependence  of  level  density  upon  total  angular  momentum  I  for  a  system  of 
non-interacting  fermions  is  given  approximately  by  [1,2] 

p(E*,I)  =  p(E*,I  =  0)(2J  +  1)  exp[— 7(7  +  l)/2a2].  (1) 

In  the  above  expression,  energy  dependence  is  mostly  contained  in  the  term  p(E* ,  /  — 
0)  and  the  spin  dependence  is  the  spin  cut-off  parameter  a2 . 

Our  knowledge  about  a2,  the  quantity  which  characterises  the  spin  distribution  in  excited 
nuclei,  comes  mainly  from  isomer  ratio  measurements  [3-5]  and  angular  distribution  of 
particles  emitted  in  compound  nuclear  reactions  [6,7]. 

Theoretically,  the  value  of  the  spin  cut-off  parameter  a2  is  given  [8,9]  by  the  relation 
a2  =  JT/Ti2 ,  where  J  is  the  nuclear  moment  of  inertia  and  T  the  nuclear  temperature. 

The  present  situation  with  regard  to  the  determination  of  the  important  parameter  a  is 
not  very  satisfactory,  though  attempts  have  been  made  earlier  to  determine  o 2  by  different 
methods  [10-13].  The  purpose  of  the  present  work  is  to  derive  an  expression  for  a2,  which 
is  also  the  second  moment  of  spin,  from  statistical  cranked  theory  and  study  the  dependence 
of  shell  effects,  angular  momentum  and  excitation  energy  on  a2  .  The  second  moment  so 
calculated,  provides  a  more  illustrative  method  of  analysing  the  shape  evolution  with  spin. 
Calculations  of  second  moment,  neutron  separation  energy,  proton  separation  energy  etc., 
as  a  function  of  spin  are  done  for  56Fe,  90Zr  and  158Er.  We  find  that  a2  fluctuates  with 
spin.  The  fluctuation  is  accompanied  by  shape  changes. 
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2.  Method 


The  grand  partition  function  [14,15]  for  the  hot  rotating  nuclei  in  terms  of  the  routhian  is 
given  by 


In  Q  =  E*  ln[l  +  exp(a2  +  c am\  -  /?e*)]  +  E;  ln[l  +  exp(an  +  c am™  -  (2) 

t 

where  the  Lagrangian  multiplier  az,  an  and  c o  conserve  the  number  of  proton,  neutrons 
and  total  angular  momentum  of  the  system.  e?(w)  and  e^(uj)  are  the  routhians  for  protons 
and  neutrons  and  raf  and  raj1  their  respective  spin  projections,  for  a  given  temperature 
T  =  1/(3.  lj,  in  eq.  (2)  refers  to  rotational  frequency. 

It  can  be  shown,  as  in  ref.  [16],  that  the  nth  derivative  of  In  Q(a,  (3,w)  with  respect 
to  the  Lagrangian  multipliers  (a,/?, lj)  which  conserve  the  particle  number,  energy  and 
angular  momentum  respectively,  yields  the  corresponding  nth  moment  of  the  observables 
E,  N  and  I. 

Explicitly  the  second  moment  of  the  angular  momentum,  cr2,  is  given  by 
d2  In  Q/duj2  =  (I)2  —  (/2) 

=  c-2  (3) 

with  similar  equations  for  fluctuation  in  energy  and  particle  number. 

The  relevant  equations,  in  terms  of  routhians  €i(cj)  and  spin  projections  ra*  are 


(N)  =  E*[l  +  exp(— -  um ”  +  /?€•*)]  1  =  E^n^,  (4) 

(Z)  =  E*[l  +  exp(-a2  -  um\  +  (3e- )]_1  =  E *n- ,  (5) 

(E)  rzEinfcf +  E<n?e?.  (6) 


The  total  angular  momentum  for  the  system  is  given  by 


(I)  =  HiTilml  +  E  iri^m 


(7) 


The  eigenvalues  e*  and  ra*  are  obtained  by  diagonalizing  the  Nilsson  Hamiltonian  in 
cylindrical  basis  [14,15].  In  the  above  equations,  superficies  z,  n  refer  to  single  particle 
values  and  Lagrangian  multipliers  corresponding  to  protons  and  neutrons. 

The  simultaneous  equations  (4),  (5)  and  (7)  are  solved  for  az,  an  and  tu,  for  a  given  T, 
N,  Z  and  /. 

From  eqs  (2),  (3)  and  (7),  we  have 

cr2  =  S*ra2(l  -  ni)rii.  (8) 

In  equation  (8),  (1  —  refers  to  the  number  fluctuation.  Other  relevant  equations  of 
importance  are  calculated  as  follows. 

The  excitation  energy  E*  is  given  by 

E*=E-E0,  (9) 


with  the  ground  state  energy 


E0  =  Zf=1ezt  +  S 


N 

i= 


fn 

1  j 


(10) 
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where  the  summation  is  only  up  to  the  Fermi  level  of  protons  and  neutrons. 
The  entropy  of  the  system  is  then  obtained  as 

S  =  d(TlnQ)/dT  =  Sz  +  Sn, 


(ID 


where 


Sz  =  — £i[nf  In  nf  +  (1  -  nf)  ln(l  -  nf)], 

Sn  =  -£<K  In  <  +  (1  -  O  ln(l  -  <)]•  (12) 

The  free  energy  of  the  system  is  given  by 

Efree  —  E  —  TS.  (13) 

The  deformation  parameters  8  is  varied  from  0  to  0.6  and  7  varied  from  0  to  60.  All 
necessary  statistical  quantities  discussed  above  are  calculated  at  each  deformation.  The 
calculations  are  performed  for  different  angular  momenta  and  temperature.  For  each  T 
and  I,  the  free  energy  is  minimised  with  respect  to  8  and  7  and  the  relevant  parameters  are 
obtained. 


3.  Results  and  discussion 

Calculations  and  results  are  presented  here  for  hot  rotating  nuclei,  56 Fe,  90Zr  and  158Er. 
Our  calculations  show  that  at  T  —  0.5  MeV,  56Fe,  at  ground  state  is  prolate  in  shape.  With 
the  onset  of  rotation,  the  nucleus  becomes  spherical  at  I  =  2h  and  remains  so  till  16 h.  At 
I  =  1 8h,  the  nucleus  changes  to  oblate  shape.  At  T  —  1.75  MeV,  however,  the  nucleus 
remains  spherical  from  /  =  0  to  40 h.  158Er  is  prolate  in  shape.  However  the  nucleus 


Figure  1.  a2  vs  I  at  T  —  0.5  MeV  for  56Fe,  90Zr  and  158Er,  energy  minimised  with 
respect  to  deformation.  Numbers  within  parenthesis  represent  7  and  e. 
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Figure  2.  Sp  vs  /  at  T  =  0.5  MeV,  energy  minimised  with  respect  to  deformation. 


Figure  3.  Sn  vs  I. 


becomes  triaxial  at  I  =  6h  and  remains  so  till  14k.  At  16 h,  there  is  a  shape  transition  to 
oblate. 

Figure  1  shows  the  second  moment  of  spin  as  a  function  of  I,  for  these  nuclei.  The 
aforementioned  shape  changes  can  be  explicitly  seen  from  the  figure,  by  their  correspond¬ 
ing  changes  in  cr2  at  that  I  value.  The  deformation  changes  are  marked  in  figure. 

We  also  plot  in  figures  2  and  3,  proton  and  neutron  separation  energies  vs.  angular 
momentum  I.  It  is  now  possible  to  infer  from  figures  2  and  3,  that  change  in  shape  of 
the  nucleus  can  be  attributed  to  proton  or  neutron.  If,  at  a  particular  7,  there  is  a  sizeable 
change  in  Sp,  it  would  imply  that  shape  change  was  due  to  proton  and  that  the  change 
in  shape  is  due  to  neutron,  if  there  is  a  change  in  Sn.  Earlier  Rajasekaran  et  al  used 
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T  (MeV) 

Figure  4.  o2  vs  T  for  a  given  deformation  and  angular  momentum. 


Figure  5.  a2  vs  /  for  a  given  deformation,  plotted  for  different  temperatures  (158Er, 
6  =  0). 


the  statistical  theory  to  study  the  effect  of  spin  and  structural  changes  on  one  neutron 
emission  [17]  in  92Zr(64Ni,  ln)155Er  reaction. 

The  fluctuations  in  a2  and  shape  is  observed  only  at  low  temperatures.  At  high  tem¬ 
peratures,  the  second  moment  of  spin  gets  smoothened  and  the  shape  of  the  nucleus  also 
does  not  change.  The  shell  effects  which  play  a  decisive  role  in  deciding  the  shape  of  the 
nucleus  is  predominant  only  at  low  temperatures  and  since  at  high  temperatures,  the  shell 
effects  gets  washed  out,  the  a2  plot  is  smooth  and  there  is  no  change  in  the  shape  of  the 
nucleus.  When  T  —  0  MeV,  however,  the  term  (1  -  ni)rii ,  in  eq.  (8)  becomes  0,  since 
n  —  1  or  0.  Consequently,  the  second  moment  vanishes  in  this  limit. 

Figure  4  shows  that  for  a  given  angular  momentum  state,  a2  increases  as  temperature  T 
increases.  This  is  because,  at  higher  temperatures,  smoothening  of  occupation  probabilities 
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take  place,  resulting  in  the  increase  of  a2. 

The  effect  of  shell  structure  on  a2  can  be  clearly  seen  in  figure  5.  At  low  temperatures 
(T  =  0.75  MeV),  we  see  a  hump  at  I  —  2 6h.  This  hump  is  due  to  shell  structure  in  the 
nucleus.  But  as  temperature  increases,  the  hump  in  the  a2  curve  gets  stretched  at  the  same 
I.  At  T  —  1.5  MeV,  it  gets  totally  vanished. 

Further  a  drop  in  a2  implies  a  sharp  spin  distribution  function  and  less  of  uncertainty  in 
the  determination  of  spin.  In  the  case  of  determination  of  spin  by  multiplicity  measurement 
which  may  be  good  for  a  clean  rotation,  that  is,  spin  perpendicular  to  symmetry  axis,  it 
could  be  better  if  the  second  moment  of  (M)  is  also  measured. 
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